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Toxicological effects of Cd-containing Quantum Dots on selected mammalian cell lines

ABSTRACT

Quantum dots (QDs) are an engineered nanomaterial-type within the size range of 1 — 10 nm,
exhibiting semiconducting and fluorescent properties, and higher reactivity than the bulk
counterparts. Despite the wide applications (e.g. bioimaging, drug delivery, components in
electronic devices), little is known about QDs toxicological effects and standardised toxicity
methods. This research focused on the assessment of potential adverse effects of four types of
NAC-coated Cd-based QDs (CdTe, CdTe/ZnS, CdTe/30%Fe:ZnS, 30%Fe:CdTe/ZnS) using in vitro
bioassays, while attempting to develop a fast-screening and reproducible method to assess
cytotoxicity by flow cytometry analysis. CHO cells (1x106 cells/mL) were incubated with NAC-
CdTe (100 pg/mL) for 24h at 37°C. However, overlapping spectra of the viability determination
stain (7AAD, Hoechst and Pl) and of the QD’s characteristic emission may have occurred.
Therefore, cell viability assessment were proceeded via the AlamarBlue® assay, showing the dose-
response behaviour. Macrophages U937 (5x105 cells/mL) were incubated with QDs
(concentrations between 0.05 — 100 pg/mL), CdCI2 and FeCl2 solutions (0.3 — 30 pg/mL, 0.12 — 12
ug/mL, respectively), at 37°C for 0, 2, 4, 20, 24 hours. Due to lower half inhibition concentration
value (IC50) for dissolved Cd ions (21.5 ug/mL) compared to these of QDs (66.6 pg/mL in
average), and to viability reduction posed by Fe Il counterparts (at 12 pg/mL), the release of these
ions from the QD cores and the uptake into the cells was assumed as possible toxicity trigger
factor. The images from the fluorescent microscopy analysis showed internalized QDs by the
macrophages at a very low concentration (1 ug/mL) at which no significant viability decrease was
observed. In conclusion, further tests are needed to better understand uptake mechanisms of
QDs into cells, toxicity trigger factors and possible differences in QD types and their influence on

cells.

SIG-BOKU Elisabetta De Vito-Francesco



Toxicological effects of Cd-containing Quantum Dots on selected mammalian cell lines

GERMAN ABSTRACT

Quantum Dots (QDs) sind klnstliche Nanomaterialen in der GroRenordnung von 1-10 nm, die
neben albleitenden und fluoreszierenden Eigenschaften auch generell eine héhere chemische
Reaktivitat als groRere Partikel haben. Obwohl sie inzwischen in unterschiedlichsten Gebieten
(Bildgebung, gezielte Wirkstoffabgabe, Elektronik) Verwendung finden, ist weder viel Uber ihre
toxikologische Wirkung bekannt, noch gibt es standardisierte Methoden um diese zu bestimmen.
Diese Arbeit beschéftigt sich mit der Erfassung von potentiell schadlichen Wirkungen von vier
NAC-iUberzogenen cadmiumhaltigen QDs (CdTe, CdTe/ZnS, CdTe/30%Fe:ZnS, 30%Fe:CdTe/ZnS)
mithilfe von in vitro Bioassays, sowie der Entwicklung einer schnellen Screening Methode fiir
deren Zytotoxizitat mittels Flow Cytometry. Daftir wurden CHO-Zellen (1x106 cells/mL) mit QDs
NAC-CdTe (100 ug/mL) Uber 24h bei 37°C inkubiert. Da es unter Umstdnden zu
Uberlagernden Spektren zwischen den Farben (7AAD, Hoechst and Pl) und den charakteristischen
QD Emissionen gekommen ist, wurde die weitere Analyse mit dem AlamarBlue® Assay
durchgefuhrt. In weiterer Folge wurden die Makrophagen U937 (5x105 cells/mL) mit QDs
(Konzentrationen 0,05 — 100 pg/mL) bzw. CdCI2 und FeCl2 Lésungen (0,3 — 30 pug/mL bzw. 0,12 —
12 pg/mL) bei 37°C fir 0, 2, 4, 20, 24 Stunden inkubiert. Aufgrund der niedrigeren mittleren
inhibitorischen Konzentration der gelosten Cd-lonen (21,5 upg/mlL) gegentber den QDs
(durchschnittlich 66,6 ug/mL) und der reduzierten Viabilitdt durch Fe-lonen (12 pg/mL), wurde die
Zellaufnahme der gel6sten lonen aus den QDs als potentielle Grinde fiir die Toxizitat
angenommen. Da die Bilder der Fluoreszenzmikroskopie von Makrophagen schon bei sehr
niedriger Konzentration (1 pg/mL), absorbierte QDs zeigten, jedoch noch kein signifikanter
Rickgang der Viabilitit gemessen werden konnte, sind weitere Tests notwendig
um Aufnahmemechanismen und Grinde flr die Toxizitat und potenziell unterschiedlichen Effekte

verschiedener QDs Typen festzustellen.

SIG-BOKU Elisabetta De Vito-Francesco



Toxicological effects of Cd-containing Quantum Dots on selected mammalian cell lines

1 INTRODUCTION

Engineered nanomaterials are uprising materials which find applications in several and different
fields (from food packaging to cosmetics), and because of this their presence in the environment
is increasing. However, these materials are still classified as emerging contaminants:
contaminants which are not yet included in the routing monitoring program, and a possible future
regulation may be stipulated depending on the ecotoxicity, public perception and occurrence in

the environment.

In the past decades, toxicity tests have been conducted in order to assess the effects that those
materials may induce to human being and to the environment. Many different methods have
been applied and many different nanomaterial types as general model have been used to
evaluate the potential ENMs toxicity. Some examples are silver and copper oxide (Ag and CuO) as
representative nanoparticles used in the study of Piret et al. (2017), whose toxicity was assessed
with cell viability assays (MTS, ATP content, caspase-3/7 activity) and immune assays (ELISA of
proinflammatory cytokines IL1-B and TNF-a) (Piret et al., 2017). The study of Miller et al. (2014)
studied the interaction among hydroxyapatite (HA) nanoparticles and cells using inductively-
coupled plasma optical emission spectrometry (ICP-OES), MTT assay and bright-field transmission
electron microscopy (BF-TEM) (Mdiller et al.,, 2014). Those were just two examples among the
variety of toxicity assessment. Quantum dots, nanoparticles with size range within 1 — 10 nm, may
be used as well as model to evaluate the toxicity of ENMs in general. Their characteristics of
fluorescence emission and very small size allow to study potential internalization (and therefore
effects) in cell culture, thanks to the possibility to track them and their penetration through cell
membranes. Parallelly, those qualities may make them more difficult to be detected than
compared to NP types. In this study effects of Cd-based QD incubated with cell lines were studied

through flow cytometry, viability assay and microscope detection.
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2 AIMS SCOPES

This study is aimed to assess the potential toxic effects of four types of quantum dots (QDs), NAC-
CdTe, NAC-CdTe/ZnS, NAC-30%Fe:CdTe/ZnS and NAC-CdTe/30%Fe:ZnS, while attempting to
develop a fast-screening and reproducible method. For this, two selected mammalian cell lines
were used as representative potential end points: the Chinese Hamster Ovary cell line (CHO) and
the suspended macrophages cell line U937. Fluorescence microscopy and flow cytometry was
used to detect and localize QDs. The AlamarBlue® assay was conducted in order to detect the
guantum dots and to assess cell viability. The objective of this study was to develop and optimize

a protocol in order to assess cytotoxicity of QDs.

The study’s scopes included the development of sample preparation protocol for:

- hydrophilic QD dispersions
- quantification of cell viability for both flow cytometry and AlamarBlue® assay

- localization of QDs within cells by using fluorescence microscopy

Based on the literature, it has been assumed that the studied quantum dots are likely to induce
cytotoxicity effects to the cells used. The hypothesised reasons are related to the presence of

heavy metal material in the core and to their ability to penetrate cell membranes.
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3 GENERAL BACKGROUND

3.1 ENGINEERED NANOMATERIALS AND APPLICATIONS

Nanomaterials are defined as a natural, incidental or manufactured material containing particles
in an unbound state or as an aggregate or agglomerate, and where more than 50% of the
particles have dimension within the range of 1 — 100 nm (EC, 2011). According to International
Organization for Standardizations (ISO, 2015), nanomaterials can be sub-classified into nano-
objects and nanostructured materials. Nano-objects are defined as materials having one or more
dimensions in the nanoscale. Nanostructured materials present nanoscale inner or surface
structure. Furthermore, nano-objects are classified into three more different types according to
number of nanoscale dimensions: nanoparticle, nanofiber and nanoplate. All the three
dimensions of the first type lie in the nanoscale range. If just two dimensions are nano-confined
the material is defined as nanofiber. Finally, nanoplate are nano-objects with just one nano-
dimension. It is important to note that this study focuses on engineered nanomaterials (ENMs),
which are designed for a specific purpose or product (ISO, 2015). Those are widely used in
different products and for various applications — from medicine, Research and Development

(R&D) to commercial applications.
According to Piperigkou et al. (2016) ENMs can be classified as following:

e  Material type
- Metallic, materials which contain metals and their compounds
- Carbon, Carbon Nanotubes (CNT), Single Walled Carbon Nanotube (SWCNT), Multi
Walled Carbon Nanotube (MWCNT), fullerenes, graphene
- Organic, agglomeration of organic molecules, biomolecules or bio-macromolecules
- Boron nitride

- Mineral
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- Silicon

e Shape
- Spherical
- Aerogel
- Nanotubes
- Nanofiber
- Nanorods
- Nanoballs
- Nanosheets
- Nanowires

- Nanofibrils

e Application
- Industrial, electronical devices

- Medical, bioimaging

In the following, some examples of nano-objects are listed (Piperigkou et al., 2016):

- Carbon Nanotubes (CNTs)
They present an augmented surface area to size ratio. The consequences are the
tendency to aggregate, the increase of interaction with biomolecules and a higher

surface reactivity.

- Metal oxide nanoparticles
They are more and more used for industrial and commercial application, for instance
as pigments and sunscreen ingredients. Some examples are zinc oxide (ZnO) and

titanium dioxide (TiO,).
- Metal nanoparticles
Metallic compounds like Au, Ag and Cu are used as ENMs because of their

antibacterial properties.

- Non-metal oxide nanoparticles
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SiO; is a non-metal oxide ENM which is used in cosmetics, as an additive to drugs, in

food industry, for biomedical applications and in biosensors.

- Biopolymers

These are ENMs which derive from different natural resources or materials, like

cellulose. They can be obtained from crude oil. Or they can be produced by chemical

synthesis, from bio-derived polymers.
According to Hansen et al. (2016), at the European market, nano-TiO,, -SiO; and -Ag are most
frequently used. However, it is still unclear the effective total amount, all the existing types and
the hazard of nanomaterials (Foss Hansen et al., 2016). The authors established a new online
inventory for nanomaterial products, called The Nanodatabase (www.nanodb.dk). This database
contains the description of the product, specifying the type of nanomaterial included in it. It also
gives the possibility to have some information concerning the potential exposure and hazard
effects of the related ENM. To date, the number of listed nano-based products accounts for more
than 3000. The majority of the products were listed under the categories of “health and fitness”
(55% of the products), “home and garden” (21%) and “automotive” (12%). Specifically concerning

nanomaterial, the most used ones in the products were:

1. Silver
Across all the categories

2. Titanium oxide
in “health and fitness” and “home and garden”

3. Gold
in “appliance”, “health and fitness” and “home and garden”

4. Titanium
in “automotive”, “health and fitness” and “home and garden”

5. Phosphate
in “appliance”

Nevertheless, it was outlined that for many products it was not possible to identify the ENM type
used in a product. This was caused by the lack of information from the producer itself. For
example, 89% of products in category “automotive”, 79% in “electronics and computer” and 80%
in “home and garden” were unknown (Foss Hansen et al.,, 2016). This lack of information
complicates to derive exposure scenarios and consequently to assess potential risks. In the
following, a special type of semiconductor ENMs is examined because this type was the object of

research in this thesis.
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3.2 QUANTUM DOTS

3.2.1 History of Quantum Dots

In the 1970s so-called quantum wells have been developed. They are considered as the
precursors of quantum dots. Quantum wells present only one dimension in the nanoscale range,
hence they belong to the nanofiber class. They are thick foil layers of nanometre dimension, in
which the electron-hole charge carriers are trapped. Thanks to this characteristic they show a
discrete excitation absorption spectrum, an observation first reported by Dingle et al. in 1974.
During the same period, the term nanotechnology has been recovered by a Japanese Scientist N.
Taniguchi. He understood the importance of nano-objects for the electronic industry, with this
small and reactive material it was possible to build faster and more complex circuits (Bassi et al.,
2013). The further development of nanomaterials was enabled by the enhancement of the
electron beam lithography, instrumentation which allowed the production of 40-70nm size

material (Bassi et al., 2013; Boxberg and Tulkki, 2018).

Later on, in the 1980s zero-dimension QDs were elaborated in more detail. In 1980 a Russian
physicist, Ekimov, developed QDs in glass crystals. In 1984 an American chemist Louis E. Brus
studied QDs in colloidal solutions, and he managed to derive the dependency relationship
between energy emitted and size. However, it was necessary to wait for a decade to finally obtain
a successful synthesis of colloidal CdX (X = Te, Se, S) as they are known nowadays (Zhu et al,,

2013).

3.2.2 Definition and typologies

Quantum Dots are three-dimensionally confined nanocrystals, with size comprehended in the
range of approximately 1 — 10 nm. According to the ISO definition (ISO, 2015), quantum dots are
classified as nano-objects, and more precisely as nanoparticles, having all the three dimensions
confined in the nanometre scale. Besides the small size, another significant characteristic for QDs
is the ability of emitting fluorescent light when excited by a source of light in the UV and visible

spectrum (Bassi et al., 2013; Semonin et al., 2012).
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These semiconductor nanocrystals can be composed of different elements of the period table.
According to the different groups, in which these elements belong to, QDs are classified as follow

(Bonilla et al., 2016; Zhu et al., 2013):

- atoms of the groups Il = VI

e.g., cadmium sulphide (CdS), cadmium selenide (CdSe), cadmium telluride (CdTe);

- atoms of the group Il =V
e.g., indium phosphate (InP), indium arsenide (InAs), gallium arsenide (GaAs), gallium

nitride (GaN);

- atoms of the group IV

e.g., carbon (C), silicon (Si), germanium (Ge).

This last group of QDs are called emerging quantum dots, because of their just recent
development and recent discovery of good optical properties. They are known to be more

biocompatible then the heavy metal-based ones.

Silicon has been considered as a material with poor optical properties. However, during the 1990s
its light emission and the absorption spectrum were studied in more detail. This material
surprisingly revealed efficient optical characteristics. Their simultaneous advantage and
disadvantage consists of good biocompatibility but high oxidative degradability. Because of this,

they present then the need of surface modification.

The carbon-based QDs are a new class of nanoparticles and they have been discovered during
purification of single-walled carbon nanotubes. Their wide success is due to their special optical
property: they possess up-converted photoluminescence, which means that they are able to emit
in the full spectrum of visible light. Moreover, under near infra-red light excitation they can also

exhibit photoluminescence emission in the near infra-red spectrum (Zhu et al., 2013).
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3.2.3 Physico-chemical Properties

Structural properties

The QD may be composed, as shown in Figure 3.2.1, of three layers of a spherical structure:

- ametalloid crystalline core
- aprotective shell

- an outer more biocompatible coating.

U Metalloid Crystalline Core

Protective Shell

Biocompatible Coating

Figure 3.2.1. Spherical structure of a QD. The orange central sphere shows the inner metalloid
core. The outer grey sphere represents the protective shell. Finally, the outer molecules represent
the biocompatible coating layer.

The core is usually composed of metal complexes:

- Basic Metals with Semimetal
Indium or gallium combined with arsenic (group Ill and V respectively). They create

indium arsenide, InAs, or gallium arsenide, GaAs.

- Transition Metals with Non-metals
Zinc or cadmium (group Il) combined with selenium (group VI). They create zinc

selenide, ZnSe, or cadmium selenide, CdSe.

- Transition Metals with Semimetals
Cadmium or zinc combined with tellurium (group VI). They form zinc telluride, ZnTe,

or cadmium telluride, CdTe (Hardman, 2006).
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The core structure is then optionally overcoated with an outer protective shell. This is composed
of transition metals and non-metals, such as ZnS. Or it can be composed of transition metals and
semimetals, such as ZnTe. It is known that this additional layer enhances the optical properties of

the nanoparticles and enhance the protection of the inner core against deterioration.

These core-shell QDs present hydrophobic characteristics. Therefore, an outer coating layer is
usually added either to shell, or to the core directly if the shell is not present. This additional layer
makes the particles hydrophilic hence water-dispersible, it increases colloidal stability in aqueous
media and biocompatibility. For example, QDs can be coated with organic ligands having carboxyl
functional groups, such as N-acetyl-L-cysteine (NAC). Other examples for frequently used,
hydrophilic coatings are polyethylene glycol groups (PEG), mercaptopropionic acid (MPA), or
glutathione (GSH) (Hardman, 2006; Lai et al., 2013; Ulusoy et al., 2015).

Semiconductor properties

QDs are defined as semiconductor materials. Their distinctive property is that their electrical
conductivity behaves partly as insulator and partly as metal material. Semiconductors could be
crystalline or amorphous solids, presenting higher resistance than metals but lower than

insulators. The main properties shown by this kind of material are:

- Variable conductivity
Semiconductors usually do not have optimum conductivity properties. However, thanks
to the addition of some doping or gating, they could be transformed into conductor

materials.

- Heterojunctions

Exchange of electrons between different doped semiconductors.
- Excited electrons
Electron-hole pairs are created when a difference in electric potential occurs, after

energy excitation.

- Light emission
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In some semiconductors (like in case of QDs), instead of releasing heat, when the

electrons return to the normal state they emit light.

- Thermal energy conversion

Optical properties

The fluorescent properties of the QDs are enabled by their chemical composition, by their three-
dimension nanoscale range and by the three-dimensional confinement of energy carriers

(quantized energy) (Bimberg and Pohl, 2011; Hardman, 2006).

QDs are defined as semiconductor materials because of their chemical composition. The
electrons in these semiconductor materials are empowered to change their energy state level
after excitation. As it is shown in Figure 3.2.2 an electron can be in its ground state (or Valence
Band), when it is stable at its original energy level, Figure 3.2.2 a). Or it can be in its excited state
(or conduction band), when it jumps to higher levels after being excited, Figure 3.2.2 b). Finally,
when it returns to the initial state the same energy is released as emitted light or fluorescence
radiation, Figure 3.2.2 c). When the electron jumps from the valence band to the conduction
band (see Figure 3.2.2 b)), it leaves am empty space (hole) in the initial band. From this, the

physical behaviour of the electron after being excited has been named electron-hole pair.

a) Conduction Band  b) c)
I o I
Excitation —
Energy
) Electron Hole Emitting

e T A e | Creey

Valence Band

Figure 3.2.2. Schematic representation of electron excitation and energy emission in a
semiconductor.

The Bohr radius is defined as the average distance between the valence and the conduction band.
The effective distance between the ground state and the excited one is named band-gap in
semiconductor materials (Bonilla et al., 2016). When the particles reach a size smaller than the
Bohr radius and when they are three-dimensionally confined in the nano scale, it is guaranteed

that their energy levels are quantized. Moreover, according to the Coulomb potential energy, the
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electron and the created hole mutually attract each other. Therefore, the small dimensions of the
material induce simultaneous consequences: the creation of quantized energy levels and the
more frequent interactions electron-hole. This characteristics allow the electrons to change their
level of energy and therefore to emit fluorescent light (Semonin et al., 2012). Furthermore, the
energy emitted is directly proportional to the value of this distance: the higher the band-gap, the
higher the energy emitted (Bonilla et al., 2016). The difference with the bulk counterparts is
based exactly on this behaviour. In the bulk materials, the band-gap has dimensions greater than
the Bohr radius. Hence, the quantization of energy levels does not occur and the interactions
between hole and electron are not as frequent as in nanomaterial. Therefore when the electrons
in bulk materials are excited they do not emit quantized energy as fluorescent light when
returning to the ground state (Semonin et al.,, 2012). Moreover, this behaviour outlines the
difference among the semiconductors and the conductors. These last ones indeed do not present
the electron-hole band-gap inner structure, hence no emission of energy due to electron

movement occurs (Bonilla et al., 2016).

Depending on the value of the band-gap of the electron-hole pair, different amount of energy, in

different wavelengths (or colours) is emitted, as it is explained in Figure 3.2.3. The larger the

Bulk Band Quantum distance between the valence and the

Structure Dots

conduction band, the more energy is

Conduction required to excite the electron. Therefore,
Band

higher energy is emitted during the

g 2:": electron’s return to the ground state. This

wl

means that the colour of the light emitted

Valence . . . . .

Band varies depending on the particle’s size. It is

known that the band-gap distance increases

‘ ‘ ‘ with the decreasing of the particle’s size. As

Dscravsingioe a consequence, smaller QDs require more

Figure 3.2.3. Dependency relation between the energy to be excited, and they emit higher
increasing energy emitted and the decreasing size of the
quantum dots. When the nanoparticles are small the
band-gap is higher and therefore the colour emitted
shits to the blue part (Sigma-Aldrich® Quantum Dots).

emission values. The fluorescent light
released shifts to blue colour. On the other
hand, the bigger the particles, the smaller is
the distance between electron and hole. Consequently, less energy is required to excite the
nanoparticle and lower energy is emitted. In this case, smaller amount of energy means higher

wavelength values and a red shift in the visible light spectrum (Bonilla et al., 2016).
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Remarkably, the different colours of emission can be influenced by different aspects of the
particles: core size and composition, surface coating and shell composition. Among these
characteristics the most influent are the core size and composition. Varying these characteristics
is possible to customize the emission profile, stabilizing a specific wavelength peak in the whole
range of electromagnetic spectrum (from UV to NIR). On the contrary, the shell composition and
the surface composition could influence the photoluminescence but not the emission range in a
significant way as the previous aspects (Midha et al., 2015). The size of the QDs usually varies
between 1 and 10 nm, which can mainly be tuned by the reaction time and temperature during
their synthesis. For instance, concerning the production of CdSe, when cadmium oleate reacts
with trioctylphosphine, CdSe is created, and the longer this reaction is kept the bigger their
crystals become. However, if the temperature is lowered, the growth stops. Therefore it is
possible to control the QDs dimensions by stopping the reaction at certain specific moments by

cooling it down (Bonilla et al., 2016).

Contrary to organic dyes, QDs present the characteristic of having a wide range of excitation
spectrum and very narrow emission range. This means that it is possible to use one single
excitation wavelength to excite many different types of QDs at the same time. This occurs
because the energy emitted by the QDs depends on their chemical composition and on their size,
as previously explained. Therefore, each different type of QD present a specific emission
wavelength peak. This is a useful optical property for quantum dots application, mainly in the
bioimaging field or for optoelectronic devices (e.g., LEDs). For example, it is possible to use
different types of QDs having different sizes to track different specific cells and detect all of them

at once with the same source of light (Bonilla et al., 2016).

Quantum dots present a high photostability and are not so prone to photobleaching (loss of
intensity due to the damage of the chemical part of the dye because of photochemical damage)
compared to organic dyes. They can be subjected to repeated cycles of excitation and then still
emit with high brightness and fluorescence quantum yield values (Bonilla et al., 2016). Moreover,
QDs present a high resistance to degradation for example to the metabolic one (Bonilla et al.,

2016).

On the contrary, the organic dyes exhibit a narrow excitation and a wide emission spectrum.
Depending on the type of organic dye, it is necessary to excite each of them with a specific

wavelength value. Therefore, in order to make more than one organic dye emit at the same time,
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it would be necessary to have multiple different wavelength energy sources. Moreover, their wide
emission spectrum makes it more difficult to distinguish a dye from autofluorescence background
(e.g. like from proteins), because their wavelength emission may overlap (Bonilla et al., 2016).
Finally, because of the organic characteristics of these kind of dyes, they present a lower

photostability compared to QDs.

Surface properties

Their compositional characteristics make them more favourable compared to the organic dyes.
Their surface properties make them tuneable, organic ligands can be bound to their surface and
improve their properties. For instance, the presence of these organic ligands controls the
hydrophilic or hydrophobic properties, therefore improving their colloidal stability. The addition
of functional groups directly to the organic ligands is called functionalization or bioconjugation.
This allows further surface modifications, such as labelling with antibodies of interest (Bilan et al,,

2015).

The QD’s surface properties play also a significant role regarding their potential toxicity. The
surface of the QDs is characterized by higher reactivity compared to the bulk counterpart. The
smaller the diameter of the particle, the higher is the surface to volume ratio: the volume of each
particle is reduced to nanoscale dimensions, but at the same time due to the creation of much
more individual material the surface area increases. The direct consequence is an increase of the
chemical reactivity of the particle because more available surface induces more opportunities for
reactions with the surrounding biological environment. Indeed, if the surface tends to be active
the nanoparticles may have more tendency to bind with external atomic and molecular
structures, such as proteins. Another related effect is the potential toxicity that QDs may induce
(Elsaesser and Howard, 2012). The hypothesis of nanotoxicity has been developed because if
these nanoparticles are able to interact with very small living or vital entities, like cells or proteins,
they may be able to penetrate inside them and they may be inclined to cause then negative

effects (Fu et al., 2014).

Preparation of QDs

The methods for synthesis vary according to the different material used for the QDs. For example,
the synthesis of silicon-based QDs consists of solution-phase-based methods, micro emulsion

synthesis, and thermally induced disproportionation of solid hydrogen silsesquioxane. Instead, the
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synthesis of carbon-based particles can be carried out following two methods: top-down and
bottom-up approaches. The top-down method consists of using a laser ablation and
electrochemical oxidation: QDs are created from a larger carbon structure. The bottom-up
method is related to solution chemistry methods: QDs are formed from molecular precursors
(Zhu et al., 2013). Even different is the cadmium-based QDs preparation: it can be carried out
according to two different approaches, physical or chemical. The physical approach consists of
epitaxial growth and nanoscale patterning by combining high-resolution electron beam
lithography and subsequent etching. However, this production method presents some
disadvantages as defection formation, size non-uniformity, poor interface quality, damage to the
bulk of the crystal itself (Zhu et al.,, 2013). The chemical method works by using pyrolysis of
organometallic and chalcogen precursors, a rapid nucleation, and then a slower and steady
growth. A typical protocol is: heating up tri-n-octylphosphine oxide (TOPO) under argon or
nitrogen atmosphere, afterwards a hot solution of precursors material is injected to initiate rapid
homogeneous nucleation. The final step consists of lowering quickly the temperature of the

solution, and letting the crystal grow for some time (Zhu et al., 2013).

Water disperseability

QD are often synthesized using non-polar organic solvents, therefore they are hydrophobic. This
is the reason why, QDs are often further surface modified in order to obtain hydrophilic
properties. A first method used is ligand displacement with molecules with thiol groups. This
means that the hydrophobic part of the organic solvent is exchanged for hydrophilic ligands, such
as carbonyl-terminated organic acids. A ligand molecule can be composed of various units:
polyethylene glycol (PEG), which enhances the hydrophilicity; any functional group such as -
COOCH, -NH,, -OH, biotin, to permit further modification of the QD’s surface; dihydrolipoic acid
(DHLA) which makes the QD’s surface an anchor for other materials. A second method to obtain
water-disperseability is encapsulation. The particle is encapsulated in a layer of amphiphilic
diblock or triblock copolymers, or of silica coating, or of phospholipid micelles. In this way more
biocompatible QDs are created: the hydrophobic ends of amphiphilic molecules bind to the
hydrophobic part of the particle (via hydrophobic interactions), hence the hydrophilic part

extends towards the aqueous environment around (Bonilla et al., 2016; Zhu et al., 2013).
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3.3 QUANTUM DOT APPLICATIONS

The use of QDs is becoming more and more frequent due to their outstanding optical properties.
One of the sector where the QDs are applied is in biological imaging (e.g., in vivo imaging, for in
vivo cancer imaging and treatment, for cell tracking and intracellular delivery, pathogen and
enzyme detection, and for monitoring drug delivery). Another category of application of QDs is in
food science: for targeted detecting and monitoring foodborne pathogens, protein tracking and
food packaging. Finally, a different but wide field of application is the electronics: QDs are used
for LED components, lasers, flash memories and photovoltaics devices (Bimberg and Pohl, 2011;

Bonilla et al., 2016; Piccinno et al., 2012; Piperigkou et al., 2016; Semonin et al., 2012).

Biological imaging applications

Fluorescence resonance energy transfer (FRET) is a method of resonance where conformational
changes and interaction between different molecules are measured, usually for proteins. The
principle of this device is the transfer of energy among two fluorophore dyes, from the excited
one, called donor, to the second one called acceptor. Usually, the dyes involved in FRET are
organic and one is linked to the carbon terminal of the protein and another one linked to the
nitrogen one. The emission wavelength value of the donor and the excitation wavelength value of
the acceptor must overlap. On the contrary the excitation of both donor and acceptor must not
overlap, guaranteeing in this way that the only light emitted is by the acceptor (Bonilla et al.,
2016). According to these rules, QDs can replace the organic classical dyes because of the unique
characteristics of the ENMs. Indeed, they can be excited by the same wavelength source and emit
at different values, therefore there would be an overlapping of the excitation spectra but not for
the emission. A study tested the behaviour of a QDs, having an emission maximum at a
wavelength of 585 nm, used as donor dye and the organic fluorophore “Cy5” as acceptor,
compared with the ordinary organic dyes couple “Cy3” and “Cy5”. The results of protein
monitoring were the same even with the nanoparticle substitution: QDs-organic dye test
presented a lower overlapping of emission and excitation, but compensated by the higher

guantum yield of the QDs, hence more detectable (Bonilla et al., 2016).

QDs have also been used for in vivo imaging thanks to their high photostability in the first place

and thanks to their strong signal, to the high brightness and uniform spectral profile (Bonilla et al.,
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2016; Midha et al.,, 2015). For example, the particles could be used in a bioluminescence
resonance energy transfer (BRET) device, similar to the above discussed FRET, but with the
substitution of the energy donor dye with a bioluminescent molecule activated by an enzyme
(Bonilla et al., 2016). The QDs may be used in this case indeed as acceptor, and their fluorescence

activated by an enzyme (Bonilla et al., 2016).

One of the most important and promising in vivo imaging application is targeted cancer detection
and potential cure. Detecting a tumour is possible based on the technigue of sentinel node lymph
mapping. A blue dye is inserted in the lymphatic system surrounding the potential tumour area, in
this way the sentinel lymph node (usually the first lymph node to which the cells of the cancer
direct and spread) can be detected. The introduction of QDs instead of an organic dye may
improve consistently this technique: due to the brighter fluorescence of the nanoparticles the
localization of the sentinel node would be easier (Bonilla et al., 2016). The non-invasive cell
tracking procedure is more in favour compared to the invasive one because of no cellular damage
or alteration effects. The QDs may enhance the progress of this kind of technique, and so far two
approaches of cell labelling with the QDs have been developed. A first one is based on
penetration in the cell via endocytosis, and the second one is based on the binding of QDs to the
cell’s surface via the biotinylating of the cell’s

surface (Bonilla et al., 2016).

QDs have been as well used in detection of
pathogens, as for example waterborne
pathogens, of microorganisms, of fungal

populations and of viruses (Bonilla et al., 2016).

An example, which outlines the before-

Figure 3.3.1. Waterborne pathogens C. parvum
(red) and G. Lamblia (green), detected with mentioned optical characteristic of the QDs, is

605nm-QDs and  565nm-QDs  respectively, an example of success in detecting two
10um scale (Zhu et al., 2004).

different waterborne microorganisms,
Cryptosporidium parvum and Giarda lamblia, at the same time (Figure 3.3.1). The use of QDs as
fluorescent labels allowed to detect distinctively the two different microorganisms because after
enlightening them with a unique source of light the emission released was of two different
colours for the two different pathogens. They exhibited as well their enhanced photostability

(Bonilla et al., 2016; Zhu et al., 2004).
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Drug delivery applications

Furthermore, QDs may be used as therapeutic drug (or gene) delivery systems in cancer therapy
or in cell tracking. This is due to the many advantages that nanoparticles may bring: prolonged
drug circulation lifetime, specific and selective drug delivery and improved colloidal stability, and
most important the possibility of more than one drug release per delivery per each QD
(Piperigkou et al., 2016). However, QDs are not yet used for medical purposes but only in R&D

because of their potential and not yet well studied toxicity effects (Bonilla et al., 2016).

Food industry applications

The main application in food industry for QDs is the tracking and the detection of food pathogens.
For instance, simultaneous detection of Escherichia coli and Salmonella typhimurium was possible
after having conjugated 525nm- and 705nm-QDs (emission peak value) to anti-E. coli and to anti-
Salmonella antibodies. These finally successfully attached to the bacteria’s surfaces, and after
excitation it was possible to detect each of them individually and simultaneously (Bonilla et al.,
2016; Wang et al., 2011). These fluorescent QDs are as well utilized as protein tracker in food. For
instance, they may improve the understanding of the movement of gluten under thermal
motions. It has been made possible because of the conjugation of CdSe/ZnS carboxyl-terminated
QDs to gluten. The QDs showed good photostability, little bleaching (after repeated laser

excitements) and long term bright stable imaging (Bonilla et al., 2016; Sozer and Kokini, 2014).

An innovative application of QDs in alimentary field is in food packing. This may be improved by
the novel use of polymer nanotechnology. For instance, the manipulation of the polymer barriers
with active components may give the packaging the skill of protecting the food against possible
pathogens, against humidity, against oxidation. Besides, nanotechnology could be developed in
order to be able to monitor the conditions of the food inside the packaging. Such nanosensors
may indicate the level of degradation of the products, or microbial contamination occurrence

(Piperigkou et al., 2016).

Electronical devices applications

QDs have been mostly applied in electronic field. For example, QDs are used as fluorescent

semiconductors to manufacture near infrared lasers, at which the emission wavelength can be
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designed by controlling quantum dot’s size and composition (Bimberg and Pohl, 2011). These
nanoparticles might be attractive in the field of data storage. So far two semiconductor memories
devices have been developed, which are called the “Dynamic random-access memory” (DRAM)
and the “dots-based flash memory”. The DRAM exhibits fast access time and good endurance, but
poor retention time. A quantum dots-based flash memory has long retention time but poor
writing time (Bimberg and Pohl, 2011). However, the widest electronical application of QDs is
their use in LED screens and displays. QDs provide high brightness and colour saturation

(SigmaAldrich, 2017).

Photovoltaics applications

The principle of a solar cell system consists of harvesting a fixed amount of energy derived from
solar photons, presenting values between 0.4 and 4.0 eV. However, the solar cells possess just a
defined band-gap values for energy absorption. Hence, the photons with lower energy than the
solar cell’'s band-gap can not be absorbed, and photons with higher energy than the solar cell’s
band-gap are just partly absorbed. The problem is the dissipation of the shortage or excess of

energy which could be instead stored (Semonin et al., 2012).

The use of QD-based semiconductors could avoid the energy dissipation and increase the
efficiency of the primary photoconversion through enhancing the sensitivity of the already
present semiconductors, or through forming QDs electronically coupled arrays to enhance the
efficiency electron-hole conductivity (Semonin et al.,, 2012). The process of Multiple exciton
generation (MEG) consists of the possibility for a solar cell to store twice the amount of energy
than the defined band-gap, and to produce two or more electron-hole pairs. This procedure
allows to avoid thermal dissipation energy and to guarantee a simple solar cell structure having
just one absorber layer (Semonin et al., 2012). The nanostructure material allows many ways of
energy control for the MEG procedure, compared to the bulk counterpart. This is because in this
last one both the crystal momentum and the energy must be conserved, on the other hand in
nanomaterials just the energy is needed to be conserved. Moreover the three-dimension
guantum confinement improves the process itself: MEG is based on Coulomb interaction as the

electron-hole pairs attraction in the QDs (Semonin et al., 2012).
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3.4 POTENTIAL EXPOSURE ROUTES, ENVIRONMENTAL

DISTRIBUTION AND FATE

As previously described ENMs show a wide range of applications (e.g., bioimaging, electronical
devices, R&D, cosmetics, construction materials, etc...) (Part et al., 2016a). These larger amounts
of ENMs induced the necessity of defining the effective amount present and released in the
environment, and as a consequence the necessity of clarifying the potential harm to the

environment (Part et al., 2016a).

One of the main challenge indeed is the attempt to define the exact amount of the ENMs in the
market and in the environment. In order to solve this first problem, a first step is the delineation
of potential exposure scenarios where QDs are likely to be exposed or released to the
environment. So far, these potential exposure routes have not been completely understood yet
and indeed they have been hypothesized only on the basis of similar materials (Hardman, 2006).
In this study it has been assumed that QDs may be released along the life cycle of QD-containing
products, in particular during: synthetisation/manufacturing, utilization and disposal/recycling.
During the synthesis of the Nanoparticles, the most likely exposures routes are through dermal
and respiratory pathways, while handling with QD-containing materials, such powders or aqueous
dispersions. After inhalation of QD, these may reach the pulmonary tissues, and the smaller
particles may reach and interrelate with alveolar parts. On the contrary, the bigger particles may
deposit in the more superficial part of the apparatus, like bronchi. A relevant problem is the
potential endocytosis incorporation of the particles inside the cells (Hardman, 2006). During the
manufacturing process, the handling of raw materials, for instance CdCl; powder, or as well the
prepared crystalline form of QDs may produce potential risk through dermal exposure or
inhalation. On the other hand, during this initial phase, less likely accidental absorption
mechanisms may occur by means the digestion pathways. Concerning QD-based electronical
devices, for instance LED screens, the exposure or the release of QDs is very unlikely, as the
materials are always incorporated into sealed structures and matrices, such as epoxy resins.
However, chemical or mechanical stress during waste treatment processes (e.g. recycling or
landfilling) may lead to unintentional QD release into the environment. During the recycling,
discarded QD-containing products may end up in the wastewaters and solid waste streams. The

disposal and the risk of leakage are the main concern regarding the potential exposure and
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sources of contamination. Furthermore, the fate, the potential risk of bioaccumulation and of

toxicity of released ENMs are not fully understood (Hardman, 2006).

The term endpoint is connected to the kinds of effects which are measured in a toxicity tests, the
most important ones to be considered are mortality, immobilization, reproduction changings,
growth of individuals or populations or specific molecular/biochemical responses. Regarding, the
potential end-points for human beings might be the liver, the kidneys and the lungs. This
assumption is based on the already known information about heavy metal substance Cadmium.
This tends to bioaccumulate and to distribute in all the body tissues, with main targets liver and

kidney (Hardman, 2006).

3.5 NANoTOXICITY

3.5.1 Nanomaterial-specific toxicity mechanisms (nanotoxicity)

Toxicity is defined as the possibility of a chemical substance to cause adverse effects to human
beings, animals and the environment. This is a concept strictly linked to the dose-response
relationship. Thus, the most important parameters to define the toxicity of a compound are
concentration and time of exposure. Considering then the specific topic of nanoparticles, the
term toxicity turns into a more specific term, namely nanotoxicity. This is the potential harm to

human beings, animals or the environment caused by nanoparticles.

According to the meta-analysis from Oh et al. (2016), which is based on 307 different studies,
most of the QDs are composed of Cd, Se or Te, CdSe 63% and CdTe 29% (Oh et al., 2016). It is
known how the Cd and Se substances cause acute and chronic toxicity towards vertebrates,
hence being of relevant concern for human health and for the environment. Cadmium is
potentially carcinogenic and bioaccumulative, its half-life in humans is around 15-20 years. It
accumulates in the bodily tissues, with main target of liver and kidneys, and it is able to cross the
blood-brain barrier and placenta. Selenium presents severe environmental and ecosystems
impacts. Because of quantum dots may be composed indeed of these two materials it is highly
necessary to take into consideration the potential risks which these particles might present

towards the human health and towards the environment (Hardman, 2006).
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So far, several nanotoxicity tests have been conducted and studied by using cell lines or in specific
cases whole living organisms as biological simulating end-point systems. However, ENMs are a
non-uniform group of substances having different shapes, elemental composition and
morphologies and therefore it complicates to derive general conclusions regarding nanotoxicity.
They differentiate from the others because of the element composition, the addition or not of a
core-protective layer, or the addition of a hydrophilic coating layer. As a consequence, in various
studies the obtained results concerning potential toxicity of ENMs showed different values of
dose-response concentration, of units of measurement, of physicochemical properties among
each other (Hardman, 2006). Besides the wide range of nanoparticles typologies, the complexity
to fully understand the nano-specific toxic effect lays on the lack of information of the cell uptake
mechanisms and of the interaction between nanoparticles and the living systems (Elsaesser and

Howard, 2012).

According to Elsaesser and Howard (2012), the main concern about the toxicity of ENMs is the
chronic low dose exposure over a life time rather than the high dose acute exposure, which could
be easily detected and fixed. Moreover, in the case of nanoparticles, the dose metric should be
related to the number of particles, determined by a certain size and shape, rather than the mass
of the chemical substances. This different metric would be chosen because the reactivity of the
surface area is better known, hence it may be possible to predict the potential harmful effects

towards humans and the environment (Elsaesser and Howard, 2012).

In case of QDs, their specific toxic effects are also not fully understood. A meta-analysis by Oh et
al. (2016) on the cytotoxicity of Cd-based QDs outlined that the QD-induced toxicity responses are
mainly associated to the QD’s specific physico-chemical properties, such as QD diameter, and to
their specific surface properties, determined by the used type of surface ligands. Other relevant
influencing factors are exposure time, exposure concentration values, assay type, cell type and
cell origin (Oh et al, 2016). Moreover, Hardman (2006) summarized that both the
physicochemical properties of ENMs and environmental attributes have been enlightened as
important factors to take into account when assessing nanotoxicity. In particular, physico-
chemical properties, such as size, concentration, composition, stability, surface charge, and
surface coatings (bioactivity) are key factors regarding nanotoxicity (Hardman, 2006). In the

following, some key factors regarding nanotoxicity are listed, focusing on QDs.
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Size

The size of ENMs play an important role in nanotoxicity (Fu et al., 2014). It is assumed that the
smaller the particle, the higher the potential damage to the cells. This is due to the ability of such
small sized particles to easily penetrate the cell membranes or to reach the organelles, and
therefore potentially cause cellular dysfunctions (Fu et al., 2014). Cytotoxicity of CdTe/CdS and
CdTe/CdS/ZnS has been assessed in the study of Ulusoy et al. (2014). The QD were exposed to
A549 adenocarcinoma lung cancer cells for 2 and 24 hours in concentration range between 0.002
— 600 pg/mL. The viability of the cell was then measured with the CellTiter-Blue assay method.
The dose-response curves after 24 hours of incubation showed that smaller size QDs (3.68+0.74
nm) resulted in lower ICso values, than larger QDs (4.31+0.76 nm) (83ug/ml and 100ug/ml,
respectively). This means that smaller particles may cause higher negative effects compared to

the bigger ones (Ulusoy et al., 2014).

Shape

Regarding the shape of ENMs, the study from Fu et al. (2014) suggested that different shape
types cause different cytotoxicity effects. For example,