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Introduction

1 Introduction

The following chapter was adapted from:

“Carbon Nanodots: Synthesis, Characterization and Bioanalytical Applications”.
Michael-M. Lemberger, Thomas Hirsch, Joachim Wegener, Bioanalytical Reviews, 2014.
DOI: 10.1007/11663_2014_11.

Nanobiotechnology has emerged as a major area of fundamental and applied research
due to the enormous potential and unprecedented performance of nanoscale tools in
analytics, diagnostics, therapy (Fortina et al. 2005). Nanostructures are by definition
between 1 and 100 nm in size, which is one of the reasons for their ability to manipulate
and study biological objects on-site as well as to measure compounds with biomedical
relevance in situ (Whitesides 2003). Nanoscale particles have been modified in many
different ways so that they can accommodate multiple functionalities needed for their site-
specific targeting within a biological system, e.g. by binding to cell-surface receptors, and
providing local functionality like measuring the concentration of an analyte of interest or
releasing a cargo compound. In contrast to organic molecules nanoparticles are commonly
very stable and they are rather resistant to oxidation or degradation processes in living
organisms. Accordingly, targeted interactions between the nanoparticles with their
inherent functionalities and biological structures open up a new avenue of applications in
biomedical research. Throughout the last decade several types of nanoparticles have been
developed and studied in detail. Their most important classes are metal oxide particles
(such as TiO, or Fe304), polymer particles like latex beads, silica particles, colloidal gold
and quantum dots (Q-dots) (Thurn et al. 2007).

Among them, Q-dots are particularly interesting, since they exhibit intrinsic fluorescence
which makes them attractive candidates for imaging applications. The particles
themselves are nanocrystals of semiconducting material, such as ZnSe, CdSe or CdTe,
typically in a size range between 1 and 10 nm (Warnement et al. 2007). A special feature
of Q-dots is that their optical properties can be tuned by varying the particle diameter (Brus
1991). Furthermore, they show high brilliancy, photostability and rather broad excitation
spectra that allow for simultaneous excitation of several different Q-dots and thus,
multicolor fluorescence colors with a single excitation source (Gao et al. 2005). However,
these particles also have certain disadvantages such as their hydrophobicity, making it
impossible to use them without further surface modification in a physiological environment.
Therefore, Q-dots have to be encapsulated in silica or decorated by polymers, such as
polyethylene glycol (PEG), rendering them water-dispersible (Gerion et al. 2001). This, in
turn, leads to increasing particle sizes, and limits their application in vitro and in vivo.
Additionally, it was found that certain Q-dots exhibit a significant cytotoxicity, which can be
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caused by very different mechanisms (Medintz et al. 2005): (i) Q-dots often contain toxic
elements (with the exception of ZnSe, for example), such as cadmium or other heavy
metals, which may leach out of the particle and enter the cells during particle degradation
(Derfus et al. 2004); (ii) Q-dots can catalyze the formation of harmful free radicals,
particularly reactive oxygen species, upon incubation with living cells (Clarke et al. 2006).

Dealing with those disadvantages drives the search for alternative nano-materials with
similar luminescence properties but lower toxicity and better stability in aqueous
dispersions. The search for new materials brought carbon nano-allotropes into the focus
of researchers. After the discovery of fullerenes (Kroto et al. 1985), other carbon-based
materials like nanodiamonds (Greiner et al. 1988), carbon nanotubes (lijima 1991), carbon
nanofibers (De Jong et al. 2000) and graphene (Novoselov et al. 2004) have been
described and characterized. Most recently, a new allotrope with strong intrinsic
luminescence has been named carbon nanodot or carbon dot (C-dot). C-dots were first
described in the year 2004 as “fluorescent carbon” in a fraction of electrophoretically
purified carbon nanotubes derived from arc discharge soot (Xu et al. 2004). Nomenclature
of these new particles was not uniform in the very first years after their discovery, calling
them "fluorescent carbon nanoparticles" or "carbon nanocrystals". In the meantime the
term carbon (nano)dots became most common, emphasizing their similarity to Q-dots.

Since C-dots have been first mentioned in the literature, several different preparation
methods have been developed and the full characterization of the material has made
considerable progress. Typically, C-dots are in a size range of just a few nanometers. They
are mostly described to have a graphitic core with a surface passivated by oxidation
processes or by a polymer layer (Baker et al. 2010; Nandi et al. 2014). However, there are
several descriptions in literature of amorphous carbon cores (Zhu et al. 2013b) or
amorphous structures with only small areas of regular lattice-like order (Tian et al. 2009).

Carbon dots may even contain other elements such as hydrogen, oxygen, nitrogen or
sulfur (Dong et al. 2013a). The presence of these elements, especially oxygen, increases
hydrophilicity, leading to very good water dispersibility and is furthermore the chemical
basis for the particles’ luminescence properties. C-dots show high photostability, do not
contain toxic elements, such as heavy metals, and they can be synthesized at low cost (da
Silva et al. 2011). These unique properties make C-dots interesting for various scientific
applications in (bio)analytics or optoelectronics to mention just two (Song et al. 2012). Fig.
1.1 supports this notion strongly by presenting the number of publications per year that
deal with carbon dots and their use in various fields of science. The number of publications
increased drastically over the last years, indicating the high potential of C-dots in
bioanalytical applications.
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Fig. 1.1: The number of publications per year according to SciFinder®, when the terms “carbon dots”
and “carbon nanodots” are used for searching the database from 2004 — 2015. State: Sep 8" 2015.

Among all possible applications it has been predicted that C-dots have their highest
potential as a contrast agent in fluorescence imaging of biological systems, like cells or
even living organisms (Luo et al. 2013).

Synthesis and Particle Preparation

Starting from the first identification of C-dots (Xu et al. 2004) in the year 2004 as
luminescent fraction ("fluorescent carbon") in an electrophoretic purification of carbon
nanotube fragments that had been exposed to arc discharge, a lot of methods were
developed to produce this material. In the first publication describing the preparation of C-
dots only two years later, Sun et al. used laser ablation of carbon targets, which is similar
to the fabrication of carbon nanotubes (Sun et al. 2006). The nanometer-sized carbon
particles, characterized by electron micrsocopy, had to be passivated by a polymer layer
(such as PEG) to obtain stable aqueous suspensions of C-dots with bright luminescence.
Polymer coating is one out of several techniques for the preparation of C-dots from raw
carbon nanoparticles through passivation, as indicated in the schematic in Fig. 1.2. C-dots
are also obtained by oxidative passivation of raw carbon nanoparticles. As such, ordinary
(candle) soot oxidized with nitric acid or hydrogen peroxide yields luminescent C-dots that
are stable in aqueous suspensions (Liu et al. 2007). According to these studies surface
passivation is a major requirement for photoluminescence (PL) of C-dots as it provides
emissive surface states, described in detail in the luminescence properties chapter.
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Fig. 1.2: Passivation of C-dots (a) by surface oxidation or (b) by decoration with polymers.

A lot of other, very different techniques to prepare C-dots have been described. The reason
for this great variety of preparation techniques is the lack of a precise definition of the C-
dots’ molecular composition and structure. In general, C-dots can be prepared like many
other nanomaterials in top-down or bottom-up approaches (Fig. 1.3). The top-down
approaches apply methods like arc discharge, laser ablation and electrochemical
exfoliation to break down macroscopic carbon materials and obtain nanometer sized
C-dots. In contrast, the bottom-up approaches make use of molecular precursors or
complex mixtures of precursors that are exposed to microwave radiation, heat, ultrasound
or harsh chemicals to form C-dots (Baker et al. 2010). The various methods are discussed
in detail below.

Top-Down Preparation of C-dots

Top-down approaches apply physical methods to prepare C-dots from carbon macro
materials. Laser ablation has been the first technique applied for C-dot preparation as
mentioned before. Sun et al. used a Nd:YAG laser (1064 nm) for the ablation of a carbon
target under a flow of argon and water vapor at 900 °C (Sun et al. 2006). These raw carbon
nanoparticles showed no photoluminescence (PL) and had to be oxidized with nitric acid
under reflux in a second preparation step. Afterwards they were passivated with PEG or
poly propionylethylene-imine-co-ethyleneimine (PPEI-EI), respectively, before they
showed PL in aqueous suspensions. The estimated size of the C-dots obtained from this
protocol was about 5 nm with a quantum yield in the range of 4%. A similar approach was
described by Li et al. (Li et al. 2011b). Here commercially available carbon nanoparticles
were dispersed in solvent and irradiated by an unfocussed Nd:YAG laser (532 nm) under
stirring. The laser irradiation passivated the surface of the carbon nanoparticles and
decorated it with oxygen containing groups which renders the C-dots photoluminescent.
This method was a simplification to the one of Sun et al., since C-dots were prepared in
liquid medium by laser irradiation without an additional complex set-up.
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Fig. 1.3: Schematic overview on top-down and bottom-up preparation methods for C-dots.

Another top-down technique is the electrochemical exfoliation from graphite (Zheng et al.
2009). Here C-dots are released into aqueous solution from a graphite rod as working
electrode during cyclovoltammetry (-3.0 to +3.0 V vs. Ag/AgCl). On such high potentials
water is decomposed under formation of radicals which attack the electrode. These C-dots
have an average size of 2.0 nm, emit blue luminescence under UV excitation and also
show electrochemiluminescence (ECL). With a similar strategy carbon paste electrodes
have been used as starting material for electrochemical preparation of C-dots by oxidation
at +9 V vs. standard calomel electrode potential (SCE) in 0.1 M NaH,PO4 aqueous solution
(Long et al. 2012). The formation of C-dots is also possible through the electrochemical
oxidation of water which leads to the formation of hydroxyl and oxygen radicals that attack
the anode and generate water-soluble C-dots. These electrochemically formed C-dots
darken the initially colorless solution gradually from yellow to brown (Lu et al. 2009). The
particles show a high surface density of oxygen containing functional groups which
explains their good water-dispersibility. Electrochemical preparation methods provide
another interesting synthetic option: tuning of the luminescence properties of C-dots (Bao
etal. 2011). In one strategy bundles of carbon fibers were used as working electrodes and
different potentials were applied relative to a reference electrode. It was found that the
applied voltage had significant influence on the release time of the particles (darkening of
the suspension), on their size and - most interestingly - on their PL properties. It turned out
that higher potentials lead to an increased oxidation of the C-dots’ surfaces and, thus,
influence the nature of the emissive sites on their surface which significantly alter their
photo-physical properties (see below).
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Bottom-Up Preparation of C-dots

While the top-down approaches deal with the preparation of C-dots from carbon macro
materials, the bottom-up approaches start from molecular precursors. One of the simplest
ways to do so is thermal carbonization of the starting material. Bourlinos et al. reported
"surface functionalized carbogenic dots" through thermal decomposition of different
ammonium citrate salts (Bourlinos et al. 2008b). Citrate served as carbon source, while
different organic amines act as surface modifier. The educts were mixed in solution, dried
and calcinated at 300 °C in air for 2 h to obtain functionalized C-dots. Hydrophobic C-dots
were prepared by using octadecyl ammonium citrate, while hydrophilic ones were obtained
from 2-(2-aminoethoxy)-ethanol citrate. These C-dots have been characterized to be
smaller than 10 nm, a quantum yield between 4 and 10 % and dispersibility in different
solvents depending on their functionalization. When tris(hydroxymethyl)aminomethane
(TRIS) is used as carbon source and betaine hydrochloride as surface modifier the
resulting C-dots carry quaternary amine groups on their surface with a corresponding
positive zeta potential of +43 mV. The particles show luminescence at Apax ~ 460 nm with
a quantum vyield of app. 4% and anion exchange properties (Bourlinos et al. 2012).
Thermal decomposition is described for single precursor molecules or salts only. In this
line the calcination of the complex ligand ethylenediamine-tetraacetic acid (EDTA) has
turned out to be very useful. Typically, EDTA is calcinated at 400 °C under nitrogen
atmosphere for 2 h. Through the decomposition, especially decarboxylation, nitrogen
doped C-dots are formed. These were described to have an average size of about 7.5 nm
and to show blue luminescence at Amax ~ 400 nm with a quantum yield of about 40% (Pan
et al. 2010a; Zhou et al. 2012b; Deng et al. 2013).

Another bottom-up strategy is to perform the decomposition of molecular precursors not
under dry conditions but in solution. This allows a very homogeneous carbonization of the
starting material, obtaining C-dots which are already well dispersed in the solvent.
Generally, particle formation from molecular precursors may be attributed to the
polymerization of the molecules under dehydration and subsequent carbonization or
decarboxylation (Li et al. 2014b). A simplified schematic example for the formation of
C-dots from molecules in solution through dehydration reactions is shown in Fig. 1.4.
Thereby, highly functionalized particles with delocalized electron systems are obtained.
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Fig. 1.4: Schematic for the formation of C-dots from molecular precursors through polymerization and
carbonization by dehydration reactions.

One of the most popular C-dot preparation methods in solvents is the dehydration of
carbohydrates. As implied from the name of these molecules, they formally consist of
hydrated carbon so that dehydration provides pure carbon as a remnant, as indicated in
Fig. 1.5. These dehydration reactions are often catalyzed by acids or bases, ultrasound
exposure (Li et al. 2011a), microwave heating (Wang et al. 2011) or hydrothermal
treatment (He et al. 2011). Practically, the dehydration process is not complete at all
towards the end of the C-dot preparation, but the relative carbon content has increased
considerably compared to the starting material. Under these conditions C-dots are formed
with delocalized electron systems and a surface decoration that stems from the functional
groups of the precursor molecules. In the case of carbohydrate starting materials surface
groups are often hydroxyl-, aldehyde- and carboxyl-groups and the carbon to oxygen ratio
depends on the dehydration rate (Yang et al. 2011). These functional groups provide high
water-dispersibility on the one hand and the possibility for later surface modification on the
other hand.

-m H,O, AT
cat. acid/base

n “C“

Cn(H2O)m

Fig. 1.5: Schematic for the bottom-up preparation of C-dots through dehydration of carbohydrates.

The simplest way for the preparation of C-dots from carbohydrates in aqueous solution is
the acidic dehydration of glucose with concentrated sulfuric acid under stirring (Peng et al.
2009). Following this route Peng et al. obtained “black carbonaceous powder®, which was
further oxidized with nitric acid in a second step and passivated with 4,7,10-trioxa-1,13-
tridecanediamine (TTDDA). These C-dots emit blue luminescence at Apax ~ 440 nm with a
quantum yield of 13 % and an average size of 5 nm.

Modified preparation routes that basically follow the same strategies use different
experimental conditions such as ultrasound exposure of the reaction mixture. A one-step
route from carbohydrates to luminescent C-dots using ultrasound was reported by Li et al.
(Lietal. 2011a). Typically, an aqueous glucose solution (1 M) is mixed with aqueous NaOH
solution (1 M) and sonicated for 4 h. Within the reaction time the colorless solution turns
gradually from yellow to dark brown due to C-dot-formation. This preparation method does
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not require any passivation but provides directly blue luminescent C-dots (Anax ~450 nm)
with a size below 5 nm and a quantum yield of about 7 %. A similar procedure was reported
by Ma et al. who treated a mixture of glucose and ammonia with ultrasound for 24 h (Ma
et al. 2012). Those C-dots had an average diameter of 10 nm with very similar optical
properties.

Microwave irradiation is also a very popular technique to assist a quick and easy
carbonization of carbohydrates and other precursor molecules. For example, C-dots may
be obtained by treating a mixture of glycerol (as carbon source) and TTDDA (as
passivation agent) for only 10 min at 700 W in a microwave oven (Liu et al. 2011a). C-dot
preparations via microwave heating has been performed using different pairs of carbon
source and passivation agent such as: glycerol and poly ethylene imine (PEI) (Liu et al.
2012a), glucose and PEG (Liu et al. 2012b), amino acids and PEG (Lin et al. 2012) or citric
acid and PEI (Salinas-Castillo et al. 2013). Such microwave treatment of these
combinations has been shown to open up a direct route to passivated C-dots. It is
noteworthy that passivation of C-dots is not strictly required as pyrolysis of only one
precursor, sometimes acid or base catalyzed, has also been performed. Examples for such
a synthetic route are microwave heating of glycerol (Wang et al. 2011), dextrin (Puvvada
et al. 2012), polymers (Mitra et al. 2012), citric acid (Qu et al. 2012; Du et al. 2013), amino
acids (Jiang et al. 2012) or even complex material such as egg shell membrane (Wang et
al. 2012b), respectively. Microwave-assisted pyrolysis is one of the most popular
preparation techniques of C-dots due to its high reproducibility and simplicity only
outperfromed with respect to the number of publications by hydrothermal synthesis.

Hydrothermal preparation of C-dots offers several distinct advantages which are the
reason for its popularity. First and most important, hydrothermal synthesis is rather simple.
Reactions are typically carried out in stainless-steel autoclaves with teflon lining. The
precursors are suspended or dissolved (mostly) in water and transferred into the
autoclave, which is tightly closed afterwards. Then the autoclave is heated in an oven or a
muffle furnace. Carbonization takes place in solution assisted by high temperature and
pressure provided within the closed system. Hydrothermal synthesis is fairly mild
compared to microwave treatment, for example. Accordingly, this preparation method
does not require sophisticated instrumentation and provides C-dots with rather high
reproducibility. Please note that the experimental conditions (high temperature, high
pressure) enable the carbonization and dehydration of rather stable materials so that a lot
of different precursors can be used to prepare C-dots with a broad range of chemical
compositions. Synthetic routes starting from carbohydrates are the most popular ones
among all published hydrothermal procedures, since carbohydrates are a low-cost,
sustainable mass material. For instance, He et al. reported the hydrothermal preparation
of C-dots from glucose, sucrose and starch by using several acidic/alkaline additives (He
et al. 2011). The obtained C-dots were highly water-dispersible and their
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photoluminescence properties differed widely dependent on the additives in the reaction
mixture. Yang et al. (Yang et al. 2011) showed that the hydrothermal formation of C-dots
from glucose is influenced by the addition of KH,POQO,, affecting particle size and
photoluminescence. N-doped C-dots with amino-functionalization have been obtained
directly from chitosan as precursor (Yang et al. 2012). However, not only carbohydrates
may serve as precursors, several other classes of (bio-) molecules can be used in
hydrothermal synthesis as well. Citric acid has been used as carbon source which gets
decarboxylated during the process providing one of the brightest C-dot preparation so far
with a quantum yield of up to 80 % (Amax ~ 450 nm). The average size of these particles
was 2.8 nm (Zhu et al. 2013a). Other examples for useful precursors are: amino acids
(Hsu et al. 2012a), dopamine (Qu et al. 2013) or tetrachlormethane (Zhang et al. 2012).
Surprisingly not only purified molecules have been used as precursors in hydrothermal
preparation of C-dots but also complex biological materials like watermelon peel (Zhou et
al. 2012a), orange juice (Sahu et al. 2012), pomelo peel (Lu et al. 2012), coffee grounds
(Hsu et al. 2012b) or grass (Liu et al. 2012c).

A meaningful comparison of the different synthetic routes to luminescent C-dots requires
a first categorization: top-down approaches need to be separated from bottom-up
approaches. The physical approaches providing top-down preparation of C-dots require
sophisticated instrumental devices such as arc discharger or laser set-ups for ablation.
Moreover, ablation or exfoliation of C-dots from macroscopic carbon targets do not allow
for doping C-dots with other elements, such as nitrogen. And please note, that both top-
down approaches do not provide control over the C-dots surface functionalization in
contrast to bottom-up approaches using well-defined molecules as precursors. Precursor
fragments often remain on the C-dots surface so that surface decoration can be tailored
by the selection of precursors. Another big advantage of bottom-up procedures is the
experimental option to dope C-dots with other molecules or elements and their excellent
reproducibility. According to the available literature doping is the key to high luminescence,
quantum vyield and functionalization for bioanalytical applications. Because of these
tremendous advantages microwave- and hydrothermal-assisted C-dot preparations have
become the most popular among the available preparation techniques. Table 1.1
summarizes the established synthetic routes to luminescent C-dots including individual
advantages and disadvantages as well as the reported quantum yield.



Introduction

Table 1.1: Comparison of different preparation methods for carbon dots (QY: Quantum Yield).

Type Method Advantage Disadvantage Typical QYs
. Complex Set-up, 2%
(5 DI IET - Low Reproducibility  (Xu et al. 2004)
. 4-10%
. Laser Ablation - Complex Set-up (Sun et al. 20086)
]
8 2-12%
a Chemical Simple (exp.) Precursor Material  (Liu et al. 2007; Tian
2 Oxidation P P undefined et al. 2009; Qiao et
al. 2010)
2-12%
Electrochemical Oxidation level Precursor needs to  (Lu et al. 2009; Li et
Exfoliation easily controllable be conductive al. 2010a; Bao et al.
2011)
Degree of carbo- Co . ~7%
Ultrasonification nization well con- L'm'tiié?]g;?'sce @i (Li et al. 2011a; Ma
trollable P et al. 2012)
Limited in choice of
Acidic/Alkaline simple (exp.) precurors, no ~13%
Dehydration P P control of (Peng et al. 2009)
dehydration grade
4-40%
(Bourlinos et al.
Th Simple when only Inhomogenity in 2008a; Bourlinos et
a ermal . L : )
L one precursor is mixing solid al. 2008b; Pan et al.
> Carbonization ) .
£ needed precursors 2010a; Bourlinos et
o al. 2012; Zhou et al.
° 2012b)
m
5-45%
Microwave Temperature range  (Wang et al. 2011;
Irradiation Fast (< 10 min)  depends on solvent Jiang et al. 2012;
(aqueous solutions)  Wang et al. 2012b;
Du et al. 2013)
Mild
carbonization of Up to 80%
Hydrothermal : . Complex
various materials, - (Dong et al. 2013a;
Treatment optimization

good
reproducibility

Zhu et al. 2013a)

Photoluminescence Properties

Among all properties of C-dots identified and reported so far, their intrinsic luminescence
is the most interesting one. Compared to organic fluorophores C-dots show improved
photostability and their luminescence is stationary and non-blinking in contrast to Q-Dots.
Furthermore C-dots possess a very broad excitation band and it is possible to tune their
emission. Even though their optical properties have been described and characterized
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from many different perspectives, the quantum mechanical origin of C-dots luminescent
properties is far from being understood and still under intense investigation.

Typically, C-dots have their absorbance maximum in the UV and their spectrum bottoms
out over the whole visible light region up into the near infrared. It is a special feature of C-
dots in this respect that the excitation wavelength may be varied to induce emission of
differently colored light, as indicated in Fig. 1.6a.

o

norm. |

400 500 600
Al nm

Fig. 1.6: Photoluminescence emission from C-dots upon variation of the excitation wavelength. a)
Typical emission spectra of C-dots at different excitation wavelengths. b) Individual differently emissive
fluorophores on the surface of C-dots, as possible explanation (Demchenko et al. 2013).
Researchers suggest two different mechanisms to explain this behavior: (i) C-dot
preparations contain particles of different size and these show a size-dependent
luminescence. Upon excitation at a given wavelength only a fraction of the entire
population is excited and emits fluorescence (Zhao et al. 2008); (ii) multicolor
photoluminescence arises from a distribution of different emissive trap sites on the
particles surface (Liu et al. 2009). The strongest light absorbers are small-sized sp2
hybridized islands rich in Tr-electrons, in high amount and density. Their electronic
excitations may be considered as the bandgap transitions forming excitonic states
(Demchenko et al. 2013), shown as schematic in Fig. 1.6b. To date there is no completely
convincing explanation available that verifies one mechanism and excludes the other.
Furthermore, the doping of C-dots with nitrogen was reported to highly influence the QY
of the particles through the addition of electron donor groups (Wang et al. 2015a). This
influences the band gap of the emissive species and therefore enables brightest
photoluminescence (Li et al. 2012c).

In the first publication about the systematic preparation of C-dots, Sun et al. compared the
particles’ photoluminescence with that from silicon nanocrystals (Sun et al. 2006). In this
study the photoluminescence was attributed to surface energy traps which become
emissive through their stabilization by surface passivation. This requirement for surface
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passivation is similar for C-dots and silicon nanocrystals whose luminescence emission
originates from radiative recombination of excitons (Wilson et al. 1993). The conclusions
made by Sun et al. were the first attempts to explain the luminescence properties of C-dots
which were challenged and improved by more in-depth studies over the years.

Q-dots are often used as a reference material in comparison to C-dots. The luminescence
of semiconducting Q-dots depends on the size of the individual crystals. The smaller the
crystal the larger is its band gap and thus, the higher is the frequency of the emitted light
after excitation. Accordingly, the color of the light shifts from red to blue (to shorter
wavelengths) with decreasing size of the Q-dots (Alivisatos 1996). However, such a strict
size-dependent luminescence has not been observed in general for C-dots. Lee et al.
reported a red-shift for larger C-dots by exfoliation from a graphite rod after size-separation
of the resulting particles by column chromatography (Li et al. 2010a). In contrast Lu et al.
reported an inverse dependency between luminescence and particle size for C-dots
exfoliated from graphite rods in ionic liquid (Lu et al. 2009). Other authors claim that it is
not the size but the functional groups decorating the particle surface which has the most
significant influence on the electronic characteristics of C-dots (Bao et al. 2011).

C-dots have a more disordered solid state structure compared to crystalline Q-dots or
nano-sized graphene. This has to be taken into account when different photoluminescence
mechanisms are discussed (Fischer et al. 2011). A comprehensive description and
explanation of C-dot luminescence has to include their internal composition, any surface
functionalizations as well as the size of the particle itself. Thinking of the structure of C-
dots as an amorphous or crystalline carbon core - mostly consisting of spz-carbons - and
an oxidized carbon shell, it is generally considered that PL is likely to originate from the
sp?-carbons (Baker et al. 2010). Those confined and delocalized sp®carbon clusters
exhibit PL due to recombination of electron-hole pairs acting as luminescence centers
(Robertson 1996).

Yu et al. investigated the temperature dependent luminescence of C-dots from 77 K to 300
K (Yu et al. 2012). The authors observed asymmetric peaks in the luminescence spectra
at each temperature, which they attributed to a superposition of two different sources of
luminescence. One emission band originates from the C-dot core and another band is
caused by emission from the particle surface. The individual emission bands (l and Il) were
fitted with two gaussian functions, resulting in a low and a high energy band peak.
Furthermore, the authors demonstrated that C-dots show rather weak electron-phonon
scattering, as there is only a very small red-shift of the band gap for increasing
temperatures. Since band | and Il are virtually temperature independent, mostly electron-
electron scattering processes dominate the luminescence mechanism.

Other groups directed their research on the influence of surface states on C-dot
luminescence (Ding et al. 2013). As such, C-dots were examined in different oxidation
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states. Zheng et al. used C-dots prepared from soot which were oxidized with nitric acid
before spectral characterization. Then these C-dots were treated with the reducing agent
NaBHy, to bring all surface moieties to their reduced state. The spectroscopic properties of
both particle types were compared to each other (Zheng et al. 2011). While the original C-
dots showed only weak PL at a wavelength of 520 nm with a quantum yield of 6%, the
reduced C-dots emitted at 440 nm with a drastically increased quantum yield of about 60%.
The NaBH4-based reduction process was found to be reversible by oxidation. Switching
between reduced and oxidized states has been repeatedly performed in several cycles.
The authors attribute the increase in quantum yield found for the reduced species to the
increase of hydroxyl groups on the surface of the C-dots, since hydroxyl groups act as
electron donors. Moreover, the emission of green luminescence is associated with the
existence of surface energy traps (Sun et al. 2006), while blue emission arises from so-
called zig-zag sites on the reduced C-dots (Pan et al. 2010a; Pan et al. 2010b). Zig-zag
pathways along the C-C-bond-skeleton that go zig-zag (“A/\”) in comparison to others that
describe an armchair shape (“\_/”). It is noteworthy that the enhancement of PL through
chemical reduction is not a unique phenomenon for one individual C-dot preparation, but
it has also been reported for other preparation methods as well (Shen et al. 2012b; Zhu et
al. 2013a).

The oxidation state of C-dots is not only tuned by chemical reduction, but also by
electrochemical means. Bao et al. exfoliated C-dots from carbon fibers applying different
potentials resulting in C-dots with potential-dependent spectroscopic properties (Bao et al.
2011). The higher the applied potential the higher is the oxidation state of the resulting C-
dots and the more red-shifted is the emission peak. The authors attributed their
observation to a change in the distribution of oxygen-containing emissive sites on the
surface. Very similar observations were made by Long et al., who used carbon paste
electrodes for the electrochemical fabrication of C-dots (Long et al. 2012). They were able
to control the C-dot surface to either show spectral red shifting of their luminescence or
not.

Recently, a thorough investigation on the photophysical processes of single C-dots has
been reported in literature (Ghosh et al. 2014), there the authors showed that PL from
C-dots originates from surface emission sites. These involve a strong coupling between
the electronic transition and collective vibrational modes of the lattice structure. Whereas
the PL properties of individual C-dots resemble those of organic dye molecules, the
temporal and spectral dispersion of their PL reflects the complex nature of the local
chemical environment around each PL center. However, C-dots resemble a class of
differently prepared carbon nanoparticles. As such, different mechanism could be possible
among the nanomaterials.
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Although many aspects of the C-dot PL have been worked out, the mechanism is still not
fully understood. It may arise from a combination of emissive traps, excitons of carbon,
quantum-confinement effects, free zig-zag sites, edge defects and/or aromatic/oxygen
containing functional groups. A full understanding of the photophysical mechanisms is still
in its infancy and requires further research endeavors (Song et al. 2012).

Carbon Dots as Tools in Bioanalytics

Luminescent nanoparticles, like for instance Q-dots, have found widespread and multiple
different applications in modern bioanalytics and they helped to solve several experimental
challenges. Q-dots have been used in several ways as a label in optical imaging in vitro
and in vivo due to their unique spectroscopic properties (Jaiswal et al. 2004). However, Q-
dots often contain toxic heavy metals that may leach out from the particle and moreover
Q-dots have been recognized as being phototoxic (Cho et al. 2007). C-dots by contrast
are an entirely organic material with no heavy metals involved but they share very similar
optical properties with Q-dots such as general photoluminescence, high photostability and
upconversion photoluminescence (through NIR excitation). In addition to that C-dots have
several advantages: non-blinking luminescence, absence of heavy metals and high water-
dispersibility (da Silva et al. 2011). Considering all those properties C-dots are obviously
very promising candidates to be used as labels in optical imaging. The next paragraphs
provide an overview of the biocompatibility of C-dots and the application of them as
contrast agent in optical microscopy.

Cytotoxicity

In order to use C-dots as a label for live-cell imaging in vitro or as tracer in living organisms
during in vivo imaging, these particles need to be inert and biocompatible with no
significant cytotoxicity. Even though C-dots mostly consist of the non-toxic element carbon,
their surface is decorated with a complex mixture of functional groups arising from
oxidation or passivation processes. Thus, biocompatibility of C-dots has become an import
issue and it has been addressed very prominently.

As C-dot preparations and the individual experimental conditions differ widely the resulting
particles are most likely not perfectly alike with respect to their physicochemical properties
and also with respect to their biocompatibility / cytotoxicity. So it is no surprise that many
groups have studied C-dot cytotoxicity. Amino-functionalized C-dots prepared through
hydrothermal treatment of chitosan (Yang et al. 2012) were tested for their cytotoxicity
using A549 human Ilung adenocarcinoma cells and the well-established MTT-assay
(Mosmann 1983). MTT assays read the metabolic activity of living cells and are therefore
well suited to indicate any cytotoxic effect. The authors concluded from their experiments
that C-dots can be categorized as a material with low cytotoxicity. However, this study was
confined to concentrations smaller or equal 200 pg/mL, which is low compared to other
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reports. Similar observations were made by Liu et al. who incubated human liver
carcinoma cells (Hep-G2) with passivated C-dots from microwave heating of glycerol and
TTDDA (Liu et al. 2011a). MTT assays revealed cell viability of about 100 % for
concentrations below 240 ug/mL. Higher concentrations of C-dots, however, induced a
significant cytotoxic response.

By contrast, Hsu et al. prepared C-dots through calcination of coffee ground and evaluated
the impact of these particles on the viability of pig kidney cells (LLC-PK1) for
concentrations between 0 and 2.4 mg/mL (Hsu et al. 2012b). The authors reported about
uncompromised cell viability (> 95%) as long as C-dots concentrations were below
1.8 mg/mL which renders them more biocompatible than Q-dots which get toxic beyond
100 pg/mL (Rosenthal et al. 2011). Other C-dots like those exfoliated from graphite
electrodes were shown to be non-toxic up to concentrations of 400 yg/mL for human
kidney cells (293T) (Zhao et al. 2008) and a similar threshold concentration was reported
for C-dots from citric acid and ethylene diamine (hydrothermally) (Zhu et al. 2013a). Yang
et al. (Yang et al. 2009) performed a comprehensive analysis of C-dot cytotoxicity and
concluded that C-dots are nontoxic in concentrations up to 100 uyg/mL and may be used
as high-performance fluorescence imaging agents. In their study human breast cancer
cells (MFC-7) and human colorectal adenocarcinoma cells (HT-29) were incubated with
PEGs0on-passivated C-dots from laser ablation (Sun et al. 2006). The cellular response
was evaluated in terms of proliferation, mortality and viability via MTT-assay. As a control
the authors treated the same cells with PEG-molecules alone under otherwise identical
conditions. The results suggest that cell physiology is barely affected by C-dots in
comparison to the PEG molecules alone. The toxic effect at high concentrations arises
from the passivation agent itself which is known to induce cell fusion above certain
threshold concentrations. As live cell imaging works well with lower concentrations of C-
dots and requires significantly shorter exposure times, C-dots were considered as non-
toxic for those applications, especially in comparison to Q-Dots. Similar studies with Q-
Dots revealed a decrease in cell viability of about 25 % for human epidermal keratinocytes
after exposure to PEG passivated CdSe/CdS Q-Dots (10 nM) for 24 h (Zhang et al. 2008).
For comparison, viability of cells derived from the proximal tubules of a porcine kidney was
compromised by 50% after a similar exposure to PEG passivated CdSe/ZnS Q-Dots (Stern
et al. 2008).

In conclusion, it is difficult to make a general statement about the cytotoxicity of C-dots for
multiple reasons: (i) the term ‘C-dots’ defines a rather broad class of materials with very
different individual particles dependent on the starting materials and the preparation
process. Polymer-passivated C-dots may be almost inert, while C-dots produced by
oxidation processes have rather complex surfaces which may induce toxic effects or not
dependent on the individual surface composition. (ii) Cytotoxicity studies have been
performed with a wide variety of different cell lines. Some of these cell lines are less
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sensitive and tolerate more xenobiotic impact than others. Accordingly, a general judgment
on C-dot cytotoxicity requires an endless number of studies pairing all the different C-dots
with all kinds of different cell lines. C-dots share this problem with all other nanomaterials
that are considered for biomedical applications. (iii) Cytotoxicity studies using higher
concentrations of C-dots may be affected by low molecular weight pyrolysis products that
are difficult to separate from freshly prepared C-dots. It is almost impossible to rule out
that these contaminants are inherently included in C-dot suspensions.

But the most severe cytotoxic effects have been observed for concentrations higher than
required for biomedical imaging applications. Thus, C-dots can be considered as useful
tools for labeling cells in live cell imaging or as tracers for in vivo studies. At the appropriate
concentration they don’t seem to be significantly more harmful to cells than regular organic
fluorophores and fluorescent probes but they are less invasive and of better
biocompatibility than Q-dots.
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Live Cell Imaging

Since C-dots show a unique photoluminescence, outstanding photostability and yet
uncontested biocompatibility, they have been used as labels and probes in live cell imaging
applications. The first approach in this respect was reported in 2006 by Sun et al. (Sun et
al. 2006). The authors incubated Escherichia Coli ATCC 25922 bacteria with PEGs00n-
passivated C-dots by adding the particles to the bacteria suspension. After 18 h of
incubation the suspension was centrifuged, the bacteria got washed and re-suspended
before they were examined by confocal laser scanning microscopy (CLSM). Similarly
mammalian cells (Caco-2) were incubated with PPEI-El-coated C-dots by adding the
particles to the culture medium. After 1.5 h the cells were washed with phosphate buffered
saline (PBS) and examined via CLSM. The labeling of both, bacteria and human cells, was
clearly visible and attributed to the incorporation of the particles into the cytoplasm.
Remarkably, the nuclei of most human Caco-2 cells remained dark, indicating that C-dots
may not be able to enter the nucleus. Likewise, Liu et al. incubated E. coli bacteria and
Murine P19 progenitor cells with their C-dots that were prepared through carbonization of
resols. The authors reported about similar observations as described above with respect
to uptake and distribution of C-dots in prokaryotic and eukaryotic cells (Liu et al. 2009).

C-dots prepared according to the same procedure of laser ablation and passivation via
PPEI-EI have also been described and tested as multiphoton luminophores for live cell
imaging (Cao et al. 2007). The authors incubated MCF-7 cells with the particles for 2 h at
37 °C and examined the cells under two-photon excitation with a femtosecond laser pulse
at 800 nm. Under these conditions the cells exhibited bright green luminescence in their
cytoplasm with almost completely dark nuclei. In contrast, Ray et al. observed a
homogeneous staining of the whole cell when Ehrlich ascites carcinoma cells (EAC) were
exposed to C-dots from carbon soot (Ray et al. 2009).

Moreover, the uptake mechanism for C-dots into the cytoplasm of mammalian cells has
been addressed. Here, cells were incubated with C-dots at 37 °C and 4 °C, respectively.
All other experimental parameters except temperature were kept constant. Upon cooling
the cells to 4 °C endocytosis-mediated particle uptake is disabled. Accordingly the authors
did not observe any significant luminescence inside the cells indicating that endocytosis is
the most-likely mechanism for the internalization of C-dots into cells.

With new preparation methods for C-dots coming up providing similar but not identical
particles, several different unique species were analyzed with respect to their potential as
a contrast agent for live cell imaging. Zhu et al. prepared C-dots hydrothermally from
graphene oxide and dispersed this material in cell culture medium for uptake experiments
(Zhu et al. 2011). Internalized C-dots showed bright green luminescence upon laser
excitation at 405 and 488 nm from inside the cytoplasm of human bone osteosarcoma
cells (MG-63). However, the authors also reported about a different, more complex uptake
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mechanism when a murine pre-osteoblast cell line (MC3T3) was used in such uptake
experiments.

To gain further insight into the question whether or not C-dots are taken up by endocytosis
HeLa cells were incubated with C-dots in presence of several different molecular inhibitors
of endocytosis. Since endocytosis is an energy-dependent cellular activity, low
temperatures (Verma et al. 2008) and NaN3 (Schmid et al. 1990) are known to suppress
this process. Moreover, it is well-known that the addition of sucrose or Methyl-3-
cyclodextrin (MBCD) inhibit clathrin-mediated or caveolae-mediated endocytosis,
respectively (Anderson 1998). However, analysis of intracellular fluorescence intensity
after C-dot exposure in presence of the various inhibitors did not show any significant
difference indicating that endocytosis may not be involved.

Taken together, there are conflicting results regarding the uptake mechanism of C-dots
into adherent mammalian cells. The same is true for other nanomaterials as well whose
uptake route has not been identified unequivocally (Geiser et al. 2005; Lajoie et al. 2007;
Verma et al. 2008). Since C-dots are extremely small, a non membrane-mediated, passive
diffusion of the particles across the membrane along their concentration gradient is not
entirely ruled out but awaits further experimental support.

The distribution of C-dots after internalization in vitro has been extensively studied by Li et
al. (Li et al. 2012b): human cervical carcinoma cells (HeLa) were incubated with C-dots
and the luminescence distribution inside the cells was analyzed. According to these
experiments the C-dots were primarily entrapped in endosomes, multivesicular bodies,
and lysosomes with aggregation at the perinuclear region, which usually results from
nanoparticle endocytosis. Such an intracellular distribution across different organelles
might explain the inhomogeneous C-dot luminescence intensity observed in fluorescence
micrographs with local intensity maxima. In a follow-up experiment HelLa cells were
incubated with C-dots and the lysosomes/endosomes, golgi apparatus, mitochondria and
endoplasmatic reticulums were counterstained with specific, fluorescent organelle-
markers. Merging the fluorescence images of both, the C-dots and the organelle-specific
dyes provided a more precise intracellular localization of the particles. Besides diffuse
distribution across the cells a significant fraction of the internalized particles has been
localized to the lysosomes/endosome compartment. However, C-dot luminescence was
mostly not exclusively in one organelle just preferentially. An exception from this was
recently reported for C-dots through carbonization of PEG in presence of sodium
hydroxide. These preferably stained the nuclei of HelLa cells, with particular binding to the
nucleoli (Kong et al. 2014).

Although the internalization of C-dots is not completely understood, the particles can
certainly be used for imaging applications and replace existing labels whenever they
perform better. Fang et al. compared the photostability of C-dots with that of CdTe Q-Dots,
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fluorescein isothiocyanate (FITC) and Hoechst 33342 inside human embryonic kidney
cells (HEK 293) (Fang et al. 2012). After 25 min of continuous observation in the
fluorescence microscope (CLSM), the C-dot-label inside the cells was still detectable
whereas the luminescence of the reference materials was not. Thus, C-dots obviously
provide a significantly improved photostability compared to well-established fluorescence
labels. Another interesting feature and added-value of C-dots is their multicolor emission
which is dependent on the details of the experimental procedures (Liu et al. 2009; Liu et
al. 2011a; Puvvada et al. 2012; Xu et al. 2013; Zhu et al. 2013a). For instance, Liu et al.
incubated Hep-G2 cells with TTDDA-passivated C-dots (0.1 mg/mL) for 24 h and
examined the cells via CLSM afterwards (Liu et al. 2011a). The cells showed blue, green
and red luminescence upon laser excitation at 405, 488 or 543 nm, respectively.

Surface Modification

As the surface of C-dots is decorated by a variety of functional groups that arise from the
oxidation or passivation steps during synthesis, these functional groups have been used
as anchors to attach C-dots to biomolecules or indicator dyes. The whole set of established
bioconjugation techniques can be used to couple and functionalize C-dots with other
molecules such as N-hydroxysuccinmid (NHS) or 1-ethyl-3-(3-dimethyl-aminopropyl)-
carbodiimid (EDC) chemistry. Biofunctionalization of C-dots may enable the particles (i) to
report on the concentration of intracellular analytes when coupled to indicators, (ii) to be
targeted preferentially to predefined intracellular structures when coupled to recognition
sequences or (iii) to label individual cell types by interaction with their unique cell surface
receptors when coupled to the corresponding ligands. Several examples for bioanalytical
applications of C-dots that are based on a preceding biofunctionalization of their surface
have been described already. Selected examples are highlighted below.

One of the first modifications of C-dots to comply with a given bioanalytical strategy has
been reported by Li et al. in 2010 (Li et al. 2010b). PEG-passivated C-dots with amino
termini were conjugated to Transferrin via EDC chemistry to specifically target cancer cells.
Transferrin is a serum glycoprotein that is internalized by receptor-mediated endocytosis
using the Transferrin receptor. The Transferrin receptor is commonly overexpressed by
cancer cells so that it may serve as a label to preferentially address cancer cells but ignore
non cancer cells (Qian et al. 2002). According to this study Transferrin-conjugated C-dots
showed a significantly stronger internalization into HeLa cells than non-conjugated C-dots
within identical exposure times. Moreover, the authors demonstrated that the uptake was
mediated by Transferrin receptors, since HelLa cells pre-saturated with Transferrin did not
show any internalization of C-dots. A similar targeting strategy for cancer cells was
pursued by Song et al. who conjugated C-dots with folic acid (FA) (Song et al. 2012). The
C-dots themselves were prepared via microwave treatment of an aqueous solution of
glucose and TTDDA. Conjugation of FA with amino groups present on the C-dot surface
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was achieved using NHS chemistry. Folic acid conjugated C-dots were used to distinguish
between normal and cancer cells, based on the overexpression of folate receptors on the
surface of cancer cells. In a proof-of-concept study a mixture of human cervical carcinoma
cells (HeLa) and non-transformed mouse fibroblasts (N/H-3T3) was incubated with the FA-
conjugated C-dots. Luminescence and thus, internalization of C-dots was only observed
for the cancerous HelLa cells. Receptor-mediated endocytosis was confirmed as the
primary uptake mechanism by pre-saturation of the HelLa folate receptors with free FA.
These particular samples showed no luminescence inside the cells after incubation with
FA-conjugated C-dots.

Other C-dot surface modifications were aiming for the detection of analytes inside living
cells. One of them uses modified C-dots for a ratiometric measurement of the intracellular
pH (Shi et al. 2012). Here C-dots were prepared from citric acid and TTDDA. The particles
were then conjugated to the pH-sensitive fluorescein-isothiocyanate (FITC) and the pH-
insensitive reference dye rhodamine B isothiocyanate (RBITC). The pH-sensitive C-dot-
probe was used to quantify the intracellular pH of HelLa cells, while the latter was
modulated by the H'/K’ ionophore nigericin. Nigericin integrates into the plasma
membrane and makes it permeable for protons such that the cytosol equilibrates with the
pH of the extracellular medium (Tafani et al. 2002). The intensity of the green
luminescence (FITC channel) increases with pH, while the intensity of the red
luminescence (RBITC channel) remains roughly unaffected. The ratio of those two
fluorescence intensities allows generation of a calibration curve for the intracellular pH
value. Applying this calibration allows measuring the intracellular pH of HelLa cells that was
determined to be 7.4 + 0.2. The intracellular pH value of MCF-7 cells was found to be
7.2 £ 0.2. Both pH-values agree favorably with the results recorded with a commercially
available pH probe (SNARF-1).

Zhu et al. used a dual emission nanohybrid of C-dots and Q-dots in order to image the
concentration of copper ions (Zhu et al. 2012). These ratiometric nanohybrid probes
consist of silica coated CdSe Q-dots that are conjugated with C-dots. While the C-dot
fluorescence is quenched by copper ions, the Q-dot emission is inert and serves as
reference. The probe was successfully applied for the imaging of Cu** concentrations in
HelLa cells. After exposing the cells to exogenous copper by adding Cu?*-ions to the culture
medium, the fluorescence emission of the probe turned from green-yellow to red.

Yu et al. developed a ratiometric probe for hydrogen sulfide (H»S) through modification of
C-dots for a Férster resonance energy transfer (FRET) based readout (Yu et al. 2013).
The H,S sensor is based on a naphthalimide-azide which was covalently attached to the
surface of amino-terminated C-dots via EDC chemistry. In the absence of H,S the C-dots
emit blue light at 425 nm. The presence of H,S leads to reduction of the azide, inducing a
FRET from the C-dots’ emissive states to the naphthalimide and the emission shifts from
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blue to green at 526 nm. The C-dot-based probe was successfully applied to detect H,S
in living cells, nameey HelLa and murine aneuploid fibrosarcoma cells (L929). As a proof-
of-concept H,S was added to the culture medium and the luminescence inside the cells
shifted from blue to green.

C-dots have also been shown to assist the delivery of extracellular substances across the
plasma membrane into adherent cells. Liu et al. reported about polyethylene-imine (PEI)-
passivated C-dots for imaging and as nano-carriers for gene delivery (Liu et al. 2012a).
Due to their PEI-coating these C-dots have a highly positive surface charge, which enables
electrostatic interactions between the C-dots and DNA. These C-dot-DNA-complexes
were used for plasmid transfection into COS-7 cells and Hep-G2 cells. The subsequent
expression of the reporter gene encoded on the plasmid was similar compared to the
transfection of the same plasmid with PEI25k. As an added value the carrier C-dots were
used for optical imaging of the transfected cells. The C-dots emit blue, green and red
luminescence upon laser excitation at 405, 488 or 543 nm, respectively. In this study the
C-dots were found to be predominantly localized in endosomes without entering the
nucleus.

Another set of C-dot-based drug delivery experiments was conducted by Lai et al. using
C-dots incorporated inside mesoporous silica particles (C-dots@mSiOy) (Lai et al. 2012).
These nano-composites were prepared via the calcination of glycerol inside mSiO,-
particles. The resulting C-dots@mSiO, were subsequently passivated by PEG and loaded
with the anti-cancer drug doxorubicin. Exposing HeLa cells to these particles revealed that
the particle-mediated incubation was more toxic for the cancer cells than incubation with
free doxorubicin, indicating a delivery into the cells. Moreover, the blue emission of the C-
dots inside the mesoporous silica particles together with the red emission of doxorubicin
provided the opportunity to track the drug release from the particles inside the cells.

In conclusion, existing studies have identified that C-dots have a considerable potential as
a flexible and versatile contrast agent in live cell imaging. As their surfaces are accessible
for established bioconjugation chemistry they can be easily modified, tailored and
customized for specific bioanalytical applications. Even though C-dot research is still in its
infancy, these particles have the potential to become a standard fluorescence label for bio
assays, maybe even replacing Q-dots in selected applications. However, C-dots are
commonly not as bright as their inorganic counterparts so that laser-based excitation is
required. So it is obvious that a wider use of C-dots as a contrast agent in microscopic
imaging requires improvements in specific molar absorption and quantum yield.
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Summary: Carbon Dots

In summary, chances that C-dots will evolve into a routine and widely accepted tool for
imaging biological specimens are promising and justified based on the existing literature.
The preparation of the particles C-dots is straightforward and performed under simplest
experimental conditions. Low-cost and sustainable mass materials like, for instance
carbohydrates, have been successfully used as precursor material. Processing of
precursors and raw materials does not require any sophisticated and expensive
instrumentation. The key step of C-dot preparation is a simple carbonization procedure.
The resulting nanoparticles are highly stable, between 1 and 10 nm in diameter and do not
contain any heavy metals like Q-Dots.

C-dots feature astonishing optical properties like an extremely broad range of suitable
excitation wavelengths from ultraviolet light (UV) to visible (VIS) and further on to the near
infrared (NIR). In particular, NIR is of predominant interest as excitation source for in vivo
imaging because of its improved tissue penetration and reduced tissue auto-fluorescence.
The emissive properties of C-dots can be tuned and customized for a given application.
Electrochemoluminescence (ECL), based on potential-dependent changes of the emissive
sites on the particles’ surfaces, paves the way for using C-dots as reporters in redox
assays and sensors.

The interaction of C-dots with living cells has been intensively studied throughout the last
years. It has been found that C-dots are easily internalized into the cell interior. The
exposure time required for C-dot uptake tends to be shorter than for other nanomaterials.
The ease by C-dots to enter the cell interior makes them interesting base materials for
intracellular probes after surface functionalization. Even though the uptake process has
been attributed mechanistically to classical endocytosis, the full explanation seems to be
more complex with other mechanisms involved. The existing cytotoxicity studies for carbon
dots need to be handled with care and a good sense of proportion, as C-dots are often
prematurely described as low-toxic imaging reagents. As long as they are applied in
reasonably low concentrations that are, however, sufficient for in vitro and in vivo imaging,
the material is indeed harmless. But cell viabilty was shown to be affected for
concentrations much higher than needed for bioassays. When C-dots were tested for their
suitability as contrast agent for in vivo imaging, they showed similar imaging characteristics
compared to the well-established Q-dots with no significant evidence of toxicity. As the
number of studies using C-dots as tracers in living organisms is still low, their broad
application in this respect awaits further characterization. Taken together, the long-range
prognosis for C-dots to become a standardized label and fluorescence marker in
biomedical assays and similar applications are euphoric and optimistic.
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Graphene Quantum Dots

Since C-dots came into focus of research during the last years, their terminology is often
inconsistent and mixed up with other nanomaterials. Usually, this involves confusion
between C-dots and graphene quantum dots (GQDs). However, it should be noted that
both are structural different materials derived from unequal precursors. While C-dots
exhibit a non-defined chemical structure and may be prepared from various starting
materials, GQDs resemble the plane aromatic structures of its precursors. Commonly,
GQDs are top-down prepared from graphene and graphene oxide or from polycyclic
aromatic hydrocarbon derivatives in bottom-up approaches (Pan et al. 2010b; Liu et al.
2011b). As such, GQDs are described to consist of one or few layers of small graphene-
like fragments.

Concerning the inconsistencies, Song et al. made first attempts for a clear classification of
the different carbon nanomaterials (Song et al. 2014). They designated GQDs as carbon
nanoparticles with only very few graphitic layers. In contrast to this, C-dots exhibit a
different crystal lattice. Bacon et al. stated that GQDs exclusively may be prepared from
bulk graphene-based materials under harsh conditions or well defined from via organic
synthesis from polycyclic aromatic compounds, as mentioned before (Bacon et al. 2014).

However, both, C-dots and GQDs, have in common that they are water-dispersible due to
oxidized surfaces or passivation with hydrophilic polymers. Furthermore, both show a
comparable emission behavior, being highly variable in photo-excitation. This results in the
emission of light from different electronic sites of the particles depending on the
wavelength of the excitation source (Li et al. 2013).

It can be expected that C-dots and GQDs are two kinds of unique carbon nanomaterial
classes, because of their structural differences. Despite very similar luminescence
properties, both materials may differ widely in other characteristics. Especially concerning
the interaction with living cells. According to this, further research should include working
out those differences.
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2 Objectives

The synthesis of C-dots of bright luminescence has attracted lots of research in the last
years. At present stage N-doped C-dots from amino acids and starch turned out to show
highest quantum yields. Only little has been reported on a detailed characterization of the
obtained material. Furthermore, it was shown that C-dots in principle may be useful as a
contrast agent in live cell imaging agent under physiological conditions.

Based on this, the particles were meant to be characterized thoroughly for their
physicochemical properties in terms of morphology and functionalization. Particular focus
should be paid on the investigation of their spectroscopic characteristics, since these
properties will be essential in multicolor cell imaging. Thus, the influence of the doping of
C-dots with nitrogen should be addressed and the reason for the multicolor emission of
the particles which enable multicolor imaging should be investigated. Furthermore, the
characteristics of the C-dots had to be compared against those for GQDs from graphene
oxide as precursor. Since both particle types are closely related and often mixed in up in
literature, it was the aim of this work to clearly distinguish between these two classes of
nanomaterials.

The influence of the C-dots on mammalian cells was to be characterized, since most of
the particles’ applications were suggested to be on living cells. Besides cytotoxicity and
biocompatibility of the particles, distinct effects on cell behavior (adhesion, proliferation
and migration) should be investigated. As the C-dots prepared in this work represent a
novel nanomaterial with unique properties, the uptake process into mammalian cells and
the ability of C-dots to pass biological barriers such as cell layers were meant to be studied.
Possible advantages of the C-dots compared to established particles in terms of cellular
uptake, translocation and stability should be worked out.

Additionally, the principle of the multicolor imaging of cell samples labeled with C-dots had
to be investigated to recognize the full potential of the material for bioanalytical
applications. Selective staining of tissue models, living cells and their compartments by C-
dots should be studied and performed. Furthermore, modifications and encapsulations of
the material should be worked out in principle for possible bioanalytical applications.
Moreover, the C-dots additionally had to be examined for their suitability as actuator
particle. Possible photochemical reactivity of the material should be studied in order to
check the particles’ usefulness as sensitizer in photodynamic therapy.
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An overview on the main objectives of this work on C-dots is illustrated in Fig. 2.1. Thereby,
a thorough investigation on the material characteristics is meant to be the base for further
studies on biocompatibility and interaction with mammalian cells. The knowledge on the
material and its interaction with mammalian cells shall peak in the application of C-dots in
multicolor imaging, bioanalytical assays and theranostics.

Multicolor Imaging,

= ) Bioanalytical Assays,
AT ION  Theranostics...

Cytotoxicity,

: e Uptake into Cells,
Biocompatibility Influence on Cell Behavior,
Translocation...

Composition,

Material Characterization Functionalization,
Optical Properties...

Fig. 2.1: Overview on the main objectives of this work on C-dots.

All together, fundamental characteristics of C-dots shall be studied in this work, setting this
novel nanomaterial into the right light and leading to a better understanding of these
particles’ nature. Applications relying on the C-dots’ unique properties should be
developed, including a critical discussion of any limit of applicability.
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3 Materials and Methods

3.1 Preparation of Photoluminescent Carbon
Nanomaterials

3.1.1 Hydrothermal Carbonization of Molecular Precursors

Hydrothermal synthesis is a method well known for its application in inorganic chemistry
since mid of the 19" century (Byrappa et al. 2013). In a typical application, substances are
crystallized from high-temperature aqueous solutions under high vapor pressures
(Rabenau 1985). While inorganic chemistry uses this method for crystallization processes
and the preparation of oxidic nanomaterials for example, hydrothermal treatment may also
be applied to organic matter (Patzke et al. 2002).

As such, over 100 years ago Friedrich Bergius first described the hydrothermal
carbonization (HTC), turning biomass into a coal-like material (Bergius 1913). This takes
place under the influence of water, high pressure and temperature, resembling the
charcoal formation process. His work in this field and the enormous significance of the
hydrothermal transformation of organic materials earned Bergius the Nobel Prize in 1931.

The HTC processes may be classified with respect to two major applications fields and
different temperature regions (Hu et al. 2010). On the one hand, high-temperature HTC is
performed between 300 and 800 °C. In this temperature region organic materials typically
do show decomposition into reactive gas molecules and carbon fragments, enabling the
preparation of graphitic or activated carbon materials (Fujino et al. 2002; Salvador et al.
2007). Furthermore, distinct carbon nanomaterials and —structures, such as carbon
nanotubes, may be fabricated using high temperature HTC (Gogotsi et al. 2000). By
contrast to this, low-temperature HTC processes are carried out below 300 °C. These
milder conditions allow for the preparation of water dispersible functional carbon materials
by hydrolysis, dehydration and polymerization reactions (Sevilla et al. 2009b). Thereby,
differently sized carbon structures may be prepared ranging from several micrometers
(carbon microspheres) to very few nanometers (C-dots), depending on reaction conditions
and starting material (Ryu et al. 2010; Yang et al. 2011).

The hydrothermal process itself is typically carried out in pressure vessels, so called
autoclaves, so that highly corrosive solvents can be used at high temperatures and
pressures, (Byrappa et al. 2013). For all hydrothermal preparations in this work, a
stainless-steel autoclave with an inner liner, consisting of Polytetrafluoroethylene (PTFE),
was used. The PTFE liner had an inner volume of about 50 mL and could be sealed with
a lid consisting of the same material. For the sealing of the autoclave with its metal lid, six
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standard screws were used. Photographs of the single components of the autoclave and
its assembled version are shown in Fig. 3.1.

Fig. 3.1: a) Disassembled stainless-steel autoclave: 1) Autoclave with lid, Il) PTFE-liner (Inner volume ~
50 mL) with sealing lid, Ill) Standard screws for fixation of the autoclave lid. b) Fully assembled
autoclave.

For the hydrothermal preparation of C-dots, several precursor materials as carbon source
were described in literature over the last years. Among them, complex materials have
become very common for researchers to use in aqueous carbonization processes. These
materials include: bamboo leaves (Liu et al. 2014a), egg (Wang et al. 2012a), gelatin
(Liang et al. 2013), grass (Liu et al. 2012c), orange juice (Sahu et al. 2012), pomelo peel
(Lu et al. 2012) and waste paper (Wei et al. 2014a), to name only a few examples.
However, the preparation from these materials suffers the disadvantages of low
reproducibility, as these materials may differ a lot in composition, depending on sampling
and preparation. Furthermore, they do not allow for direct control over functionalization of
the obtained carbon particles.

As such, pure molecular precursors are the carbon source of choice when it comes to
highly controllable and reproducible hydrothermal C-dot preparations (Hsu et al. 2012a).
These molecules should be easy to decarboxylate or dehydrate thermally, so that the
formation of the carbon particles is enabled. Among those possible molecular precursors
carbohydrates became a preferred carbon source in the preparation of C-dots (Peng et al.
2009; Wang et al. 2011; Kwon et al. 2012). These are considered as a sustainable, non-
toxic and low-cost starting material. Furthermore, carbohydrates may be easily dehydrated
thermally, resulting in more or less functionalized carbon nanoparticles, depending on the
carbonization grade.

a) CgHq,0¢ AT _ . 6H,0+6"C"

T
b) CgH4,06 a

t X HZO + CGH(12-2X)O(6-X)

Fig. 3.2: Complete (a) and partial (b) dehydration reaction of carbohydrates.
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As shown in Fig. 3.2, a complete dehydration of carbohydrates would lead to particles of
pure carbon. Practically, in HTC processes a partial dehydration of the starting material is
more likely (Fig. 3.2 b). Thereby, highly hydrophilic carbon-rich particles are formed. These
are often described to consist of a hydrophobic carbon-rich core and a hydrophilic shell,
decorated with several oxygen-containing groups (Sevilla et al. 2009a).

For the preparations of the C-dots mainly starch (from potato) was used as carbon source
(Yan et al. 2015). A schematic of a possible mechanism of the formation of C-dots from
starch is shown in Fig. 3.4 which was adapted from literature (Sevilla et al. 2009b; Ryu et
al. 2010). During the hydrothermal treatment the polysaccharide is meant to undergo
fragmentation and hydrolysis, partly to its monomer glucose. Further decomposition and
dehydration may yield in reactive intermediates, such as several organic acids, aldehydes,
furfural  derivatives  (5-hydroxymethylfurfural,  furfural, = 5-methylfurfural) and
benzene/phenol derivatives (Luijkx et al. 1995; Kabyemela et al. 1999). These are
assumed to serve as building blocks in polymerization/condensation or intermolecular
dehydration reactions, forming aromatic systems and finally leading to particle formation.

The hydrolysis and dehydration reactions of carbohydrates may be catalyzed by acids or
bases (Jin et al. 2011). Thus, hydrochloric and phosophoric acid or sodium hydroxide
solutions are often used for the catalysis of C-dot formations from carbohydrates (He et al.
2011). However, these additives have the disadvantage of providing extreme pH-regions
and high salt contents of the resulting suspensions. For the applications on living cells
these suspensions have to be purified, which is difficult due to the small size of the
particles. Furthermore, strong acids or bases do not allow to tune the dehydration grade
very precisely, as dehydration efficiency is too good. To overcome those deficits, amino
acids were chosen as catalysts for the dehydration of the carbohydrate starch (Du et al.
2014; Wei et al. 2014b), as shown in Fig. 3.3.

C:’m 2 + OH AT o ° 0
HOS 0 OH H2N 'HZO o

Fig. 3.3: Preparation scheme of C-dots (symbolized on the right) from starch and amino acids.
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Fig. 3.4: Possible reaction scheme for the formation of carbon particles from starch, undergoing
fragmentation, hydrolysis and dehydration. The resulting intermediates are supposed to polymerize or
condensate and aromatize during particle formation (Sevilla et al. 2009b; Ryu et al. 2010).
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Amino acids are biomolecules themselves. As such, residues of the additive in the
resulting C-dot suspension are supposedly not harmful to living cells, compared to harsh
reactive chemicals. Furthermore, they exhibit acidic and basic groups (due to carboxyl-
and amino- functionalities) which are meant to catalyze the dehydration of starch. This
happens under milder conditions than the treatment with strong acids or bases and
therefore the carbonization grade may be easily tuned by adjustment of the reaction
temperature or time. Additionally, using amino acids as additives allows for the doping of
the particles with heteroatoms - in this case nitrogen. The doping of C-dots and GQDs with
nitrogen was shown to influence the band-gap of the particles and as such changing their
optical properties (Li et al. 2012c; Zhang et al. 2012; Wang et al. 2015a). In this work, the
doping with nitrogen was used to achieve higher quantum yields for the particles’
photoluminescence.

Carbon Dots from Starch and Amino Acids (N-doped C-dots)

Previous work in this field included the development and optimization of preparation
protocols for C-dots from starch and amino acids. Here, the preparation was modified in
terms of temperature, type and amount of the amino acid to enhance the
photoluminescence of the particles. In an optimized preparation, 2.0 g starch from potato
(Sigma Aldrich) and 1.71 mmol of the selected amino acid (for L-tryptophan, Trp, 350 mg,
Sigma Aldrich) were suspended in 30 mL ultrapure water and transferred to a stainless
steel autoclave with PTFE liner (~50 mL inner volume). The mixture was heated to 160 °C
within about 1 h using a muffle furnace (Nabotherm: LT 15/3) and temperature was
maintained for 12 h. After cooling to room temperature, the obtained raw brownish C-dot
suspension was centrifuged 10 min with 2500 rcf to remove larger particles, aggregates
and other contaminants which precipitate from the suspension. The supernatant was
filtered through a 0.22 um syringe filter with polyether sulfone (PES) membrane, resulting
in a clear red-brownish suspension. Fig. 3.5 shows aqueous suspensions of the C-dots
along the different preparation steps.

Fig. 3.5: Downstream processing of the C-dot preparation. a) Aqueous starch suspension, b) Raw C-dot
suspension after carbonization, ¢) C-dot suspension after filtration, d) C-dot suspension after dilution to
1.0 mg/mL, e) diluted C-dot suspension under UV excitation in the dark (366 nm, 2x4 W).
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In order to prepare the particle suspension for the application on living cells, the C-dots
had to be further purified. Therefore, size-exclusion chromatography (SEC) using a
Sephadex® G-25 (fine, Sigma-Aldrich) column with ultrapure water as eluent was used to
remove smaller molecular pyrolysis products. To monitor the progress of the elution, a UV-
Lamp (366 nm; 2x4 W) was used to excite the fluorescent C-dots in the column, as shown
in Fig. 3.6. The initially fluorescent fraction which eluted from the column was collected
since the C-dots pass the column faster than smaller molecular pyrolysis products.
Pictures of the purification process are shown in Fig. 3.6. The purified C-dot suspension
was lyophilized and resuspended in phosphate buffered saline (PBS*") under a laminar air
flow work bench to obtain an isotonic sterile C-dot suspension for cell treatment. Finally,
the suspension was once more passed through a 0.22 pm syringe filter to remove
aggregates from the lyophilization process and pathogenic germs.

The resulting mass concentration of the particle suspension was determined
gravimetrically. Typically, 500 uyL of the suspension were transferred into an aluminum
pan. The water was evaporated, and the mass difference between the pan with the residue
and its empty weight were used to calculate the suspensions mass concentration. The salt
residue from PBS™ was subtracted from the result.

Fig. 3.6: a) Sephadex® G25 column loaded with C-dots prepared from starch and Trp, b) column under
UV excitation, c) collection of the initial fluorescent fraction under UV excitation. For the excitation a
standard UV lamp with 2x4 W at 366 nm was used.

In later chapters, all particles denoted as C-dots are referring to particles prepared via
hydrothermal treatment of starch and Trp, if not denoted in a different way.

32



Materials and Methods

Carbon Dots from Starch (undoped C-dots)

For studying the influence of the nitrogen doping on the material and its optical properties,
C-dots from pure starch were prepared. Therefore, the same protocol as mentioned before
was used to prepare the particles, just without the addition of amino acids.

Carbon Dots from Citric Acid and Ethylenediamine

As reference material to the particles from starch and Trp in terms of cell imaging, a
different hydrothermal preparation for C-dots from literature was used (Zhu et al. 2013b).
Hereby, 456 mg citric acid monohydrate and 536 uL ethylenediamine were dissolved in 10
mL ultrapure water. The colorless solution was transferred into a stainless steel autoclave
as used for the other C-dot preparations. The autoclave was heated to 200 °C and
temperature was maintained for 5 h. After cooling to room temperature the orange-brown
particle suspension was purified, as described above for the other C-dot preparations.
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3.1.2 Graphene Oxide via Hummers Method

Hummers method is a well established chemical exfoliation technique for the fabrication
of graphene oxide (GO) since its publication “The Preparation of Graphitic Oxide” in the
1950s (Hummers 1958). More than half a century later, the method is more prevailing than
ever, since graphene came into focus as alternative semiconducting material in electronic
applications (Allen et al. 2010). The big advantage of this method is that it allows for the
large scale fabrication of oxidized graphene-like structures in aqueous suspensions from
bulk graphite with standard lab techniques, as shown in Fig. 3.7. While the “scotch tape
method”, which was used when graphene was discovered, yields atomically thin graphene
flakes (Novoselov et al. 2004), Hummers method produces a highly defective and oxygen-
rich two dimensional carbon nanomaterial often consisting of several atom layers (Dikin et
al. 2007). In further preparation steps GO may be reduced, with hydrazine for example, to
lose several of its oxygen functionalities leading to large-area aromatization of the material,
denoted in literature as reduced graphene oxide (rGO) (Stankovich et al. 2007).

Fig. 3.7: Reaction scheme for the chemical exfoliation of bulk graphite to graphene oxide.

In this work, GO was prepared, based on Hummers method, to be used as precursor
material for the fabrication of GQDs (Becerril et al. 2008). Therefore, 2 g of graphite (china
flake graphite) were mixed with 1.5 g NaNO3, 9 g KMnO4 and 150 mL conc. H,SOq4 in a
250 mL round bottom flask. The reaction mixture was treated with ultrasound for about
20 h, during which the color changed from green-black to grey-brown. It was stirred for two
days at room temperature in order to complete the oxidation reaction, changing the
mixtures color to brown. Afterwards it was transferred into a 500 mL round bottom flask
and 280 mL of 5% H,SO,4 were added. The mixture was stirred at 100 °C until refluxing.
Afterwards 6 mL of 30% H,O, were added and stirred for 1 h at room temperature. For the
purification of the GO, the reaction mixture was centrifuged with 3000 rcf for 15 min and
the supernatant was discarded. The precipitate was suspended in different solvents,
centrifuged with 3000 rcf for 10 minutes and washed, as follows: 4x 3% H,SO4 + 0.5%
H20,; 2x 3% HCI; 2x ultrapure water. The last purification step yielded a stable brownish
suspension. This was dialyzed for two weeks against ultrapure water. The water was
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changed five times. The mass concentration of the suspension was determined
gravimetrically.
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3.1.3 Graphene Quantum Dots via Hydrothermal Treatment of Graphene
Oxide

Graphene Quantum Dots (GQDs) are closely related to C-dots in terms of material
composition, functionalization and photoluminescence properties (Li et al. 2013). While C-
dots are described as quasi-spherical particles with sizes below 10 nm, GQDs show a
broader distribution typically between 3 and 20 nm and posses a flake-like morphology
(Shen et al. 2012a). However, the most important difference is that GQDs are prepared
from graphene, GO or rGO in top-down approaches, while the precursor material of C-dots
may vary a lot (Baker et al. 2010).

In this work, GQDs were prepared via hydrothermal treatment of GO in the presence of
ammonia. Thereby, the GO sheets are cut into smaller fragments via nucleophilic
substitutions of the oxygen moieties of the GO by ammonia (Lai et al. 2011). A scheme for
the reductive amination reaction is shown in Fig. 3.8. The preparation method was adapted
from literature and modified in terms of ammonia concentration, temperature and reaction
time (Tetsuka et al. 2012).

For a typical preparation of GQDs, 10 mL of an aqueous GO suspension (0.5 mg/mL) were
mixed with 90 mL ultrapure water and 30 mL aqueous ammonia solution (32%, Merck).
The deep brown mixture was stirred vigorously and 30 mL of it were transferred into a
stainless steel autoclave with PTFE liner (inner volume ~50 mL). Next, the autoclave was
heated to 100 °C and temperature was maintained for 5 h. After cooling to room
temperature the black suspension was boiled until about 8 mL of the liquid phase remains.
This step removes the excess ammonia. Centrifugation with 21380 rcf yielded in a
brownish supernatant which was further purified through filtration using a syringe filter
membrane (0.2 ym, PTFE). The obtained yellow-brownish GQD suspension was used for
further analysis.

Fig. 3.8: Scheme for the fragmentation of GO via reductive amination reactions with ammonia under
hydrothermal treatment.
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3.2 Modification of Carbon Dots and Embedding in other
Nanomaterials

All modifications and preparations in this chapter were performed using C-dots from starch
and Trp, as described in chapter 3.1.1.

3.2.1 Modification of Carbon Dots with Oleic Acid

As the preparation method for the C-dots in this work was newly described, a method for
the particle modification had to be developed. Therefore, an esterification between an
organic carboxylic acid chloride and as well hydroxyl groups remaining on the C-dot
surface was chosen. A scheme for the reaction is shown in Fig. 3.9. As surface
modification reagent oleic acid was used, since a successful modification is clearly
observable through increase of the hydrophobicity of the particles. Furthermore, oleic acid
is also part of the monounsaturated derivative of 1,1'-dioctadecyl-3,3,3'3'-
tetramethylindocarbocyanine perchlorate (Dil) D-3886, which is a fluorescent lipophilic
cationic indocarbocyanine dye and used for the staining of cell membranes. Accordingly,
an oleic acid modification of C-dots was expected to result in different cell staining
behavior, such as intercalation into cell membranes. These particles are denoted as oleic
acid modified (OAM) C-dots below.

a)

Ci7Hss™ (Cl - HClI

C17H33_< o” OH
O

Fig. 3.9: Reaction scheme for the preparation of OAM C-dots. a) Activation of oleic acid with thionyl
chloride to oleic acid chloride. b) Esterification between the oleic acid chloride and the hydroxyl groups
of the C-dots.
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For the preparation of the oleic acid chloride, 500 mg oleic acid (Alfa Aesar) were dissolved
in 25 mL dry dimethylformamide (DMF, Acros Organics) in a 50 mL round bottom flask
under nitrogen atmosphere. Afterwards, 132 uL thionyl chloride (Sigma Aldrich) were
added. The solution turned brown during the addition. The reaction mixture was stirred for
2 h under reflux and nitrogen atmosphere and stirred further 30 min at room temperature.

In order to prepare the particles for the modification, 5 mL of an aqueous C-dot suspension
(~ 80 mg/mL) were completely dried in an oven at 80 °C. The residue was resuspended in
5 mL DMF using vortexing and ultrasonic treatment. The particle suspension was added
to the oleic acid chloride solution and the mixture was stirred for 48 h under nitrogen
atmosphere. After that, the mixture was quenched with a saturated aqueous sodium
bicarbonate solution (Merck) and the reaction mixture was extracted three times with 30
mL chloroform (Acros Organics). The organic phases were collected, combined and
concentrated to about 5 mL at the rotary evaporator. The effort of the reaction was
controlled using thin film chromatography (TLC). Hereby, the OAM C-dots showed a much
longer migration in the mobile phase ethyl acetate (Acros Organics) during TLC than the
unmodified particles. Photographs of the TLC plates are shown in Fig. 3.10 a and b.

Fig. 3.10: TLC of the OAM C-dots using ethyl acetate as eluent. a) Reaction mixture (M), oleic acid (OA)
and C-dots (C) after TLC upon excitation at 366 nm. b) Same as before upon excitation at 254 nm. c)
TLC of the different fractions (1-7) eluated from the silica column, in comparison to unmodified C-dots
(C) and oleic acid (O) upon excitation at 366 nm.

Subsequently, the product was further purified using a silica column and ethyl acetate as
eluent. Thereby, the elution of the OAM C-dots was controlled using TLC upon UV
excitation, as shown in Fig. 3.10 c. The luminescent fractions (3-5) which showed a similar
migration as oleic acid were combined and concentrated at a rotary evaporator. As residue
about 400 mg of dark-brown highly hydrophobic oil were obtained. This was dissolved in
1.6 mL dimethyl sulfoxide (DMSO, Acros Organics) to serve as stock solution for cell

imaging experiments.
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3.2.2 Preparation of Agarose Nanoparticles doped with Carbon Dots

Agarose hydrogels and particles are known to undergo swelling or shrinking depending on
changes in the osmolarity of the surrounding environment (Viallat et al. 2004).
Furthermore, fluorophores may be incorporated into hydrogels. These are able to undergo
changes in their spectroscopic properties in response to an altered environment, such as
the shrinking or swelling of a surrounding gel (Tellis et al. 2011). Since the
photoluminescence of C-dots has appeared to be highly dependent on their concentration
in suspension a change in the distance of the particles within a hydrogel was expected to
be spectroscopically observable. In order to use C-dots as probes for measuring the
osmolarity of aqueous solutions, they were incorporated into agarose nanoparticles. The
preparation of these nanoparticles was adapted from literature and modified for the doping
with C-dots (Wang et al. 1997). Hereby, an aqueous hot agarose solution is mixed with
the dopant and emulsified in hot plant oil as organic phase. Cooling down the emulsion
leads to solidification of the agarose droplets.

For a typical preparation of doped agarose nanoparticles, 20 mg of agarose (Sigma
Aldrich) were mixed with about 2 mL of ultrapure water and a defined quantity of the
aqueous suspension of C-dots (1 mg/mL). The aqueous phase was heated to 90 °C in a
test tube in a water bath to ensure that the agarose was completely dissolved.
Simultaneously, 150 mL of sunflower oil were heated to 60 °C in a round-bottomed flask
in an ultrasonic bath. The two preheated phases were mixed and subsequently sonicated
for 10 min while being stirred with a CPG-stirrer, as shown in Fig. 3.11.

Fig. 3.11: Preparation of agarose nanoparticles. a) Suspension of the agarose particles in sunflower oil
under stirring with a CPG-stirrer. Heating and ultrasonification were performed using a ultrasonic bath
with temperature control. b) Under excitation with a UV lamp at 366 nm.

Afterwards, sonication was stopped and the mixture was cooled to room temperature
under continuous stirring before being centrifuged for 15 min at about 3850 rcf. The
supernatant was decanted and discarded whereas the sediment was suspended in 20 mL
PBS™. The aqueous phase with the higher density was then removed from the vial using
a pipette and afterwards filtered using a paper filter in order to obtain the desired
suspension containing C-dots embedded in agarose nanoparticles.
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3.2.3 Encapsulation of Carbon Dots in Liposomes

Liposomes are spherical entities surrounded by a lamellar phase lipid bilayer. For the
preparation of the bilayer often phospholipids in varying compositions are used which
encapsulate an aqueous solution compartment inside. These can be loaded with water-
soluble drugs and fluorophores or aqueous suspensions of nanoparticles. The lipid bilayer
may be prepared with chemically modified phospholipids which allow for the targeting of
(cellular) receptors by using appropriate ligands (Torchilin 2005). Another phenomenon is
that liposomes show swelling or shrinking upon changes of the external osmotic pressure.
Thereby, the osmotic pressure of the inner compartment is equalized to the one of the
surrounding medium by release or uptake of water (Mui et al. 1993).

In this work, liposomes loaded with C-dots were prepared to investigate whether liposomes
may serve as delivery vehicles for C-dots into living cells. Therefore, two different types of
liposomes were prepared. A preparation with high concentrations of C-dots encapsulated
inside and another one with low concentrations of C-dots. The ratio of the mass
concentrations was about 1:10.

For the preparation of liposomes with the highly concentrated aqueous C-dot suspension,
a mass concentration of about 48 mg/mL with an osmolality of 290 mOsm/kg was used.
For the liposomes with low concentrations, a C-dot suspension with about 4.8 mg/mL was
used and osmolality was adjusted to 290 mOsm/kg by 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma Aldrich) buffer. Then 30 mg
dipalmitoylphosphatidylcholine (DPPC, Avanti Polar Lipids), 15 mg dipalmitoyl-
phosphatidylglycerol (DPPG, Avanti Polar Lipids) and 20 mg cholesterol (Sigma Aldrich)
were solved in 3 mL chloroform and 0.5 mL methanol (Merck) and shortly ultrasonicated
at 45 °C. Subsequently, 2 mL of the preheated (45 °C) C-dot suspension were added and
ultrasonificated for 4 min. Afterwards, the solvent was removed on a rotary evaporator for
40 min at 45 °C at 380 mbar. The residue was mixed with further 2 mL of the aqueous C-
dot suspension and thoroughly stirred. After short vortexing, the solvent was removed at
a rotary evaporator for 20 min at 380 mbar and 20 min at 280 mbar. The residue was
suspended in HEPES saline buffer, pH 7.5 (10 mM HEPES, 200 mM NaCl, 1.5 mM NaN3;
corresponding to 375 mosm/kg) and the dispersion transfused through an extruder 21
times back and forth with pore sizes of 1.0 um first and then 0.4 um. Purification was
performed using a Sephadex® G-50 column with the HEPES buffer as eluent. Afterwards,
the dispersion was dialyzed against the HEPES buffer for two days. The buffer was
changed after one day during dialysis.

The preparation of the liposomes with the incorporated C-dots was performed by Christoph
Fenzl at the Institute of Analytical Chemistry Chemo- and Biosensors, University of
Regensburg.
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3.3 Material Characterization Techniques

Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a high-resolution technique that belongs to the family
of scanning probe microscopies. It allows for a resolution below the nanometer scale up
to atomic resolution and is therefore about 1000 times better than the optical diffraction
limit. The AFM was performed by Daniel Wastl in the group of Prof. Giessibl at the
Department of Physics at the University of Regensburg. Details about the AFM technique
as used may be found in literature (Wastl et al. 2013). In this work, AFM was used to
visualize the particles and to measure their size distribution. Regarding the small size of
the carbon particles and their material (low electron scattering) common optical and
electron microscopy could not be used.

For the preparation of the measurement, a mica crystal (a type of sheet silicate) was
cleaved to obtain an atomically smooth crystal layer. Thereupon a droplet of a 10 ug/mL
particle suspension in ethanol was drop casted. The crystal was spun by hand for one
minute in order to achieve uniform coating of the particles on the surface and to evaporate
the ethanol. A sapphire tip was used as AFM probe. Height and width of the particles were
analyzed by measuring the height profile of an adequate amount of particles via line scans
with the WSxM 4.0 Beta 7.0 software.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) allows for the determination of the size distribution of
particles in suspensions. Thereby, laser light is scattered in all directions (Rayleigh-
Scattering) by impinging small particles in suspension. Since the distances of the
scattering centers change due to Brownian motion, fluctuations of the scattered light
intensity are detected over time. As such, a diffusion coefficient for the particles may be
calculated which leads to their hydrodynamic diameter via Stokes-Einstein relation. (Berne
et al. 2000)

For the DLS measurements in this work, a Zetasizer Nano-ZS from Malvern was used,
which was equipped with a 632.6 nm laser. Due to the small size of the particles, relatively
high concentrated suspensions were used. For the investigation of the C-dots,
suspensions of about 20 mg/mL of freshly filtered (PES membrane 0.22 ym) C-dots in
PBS at 25 °C were used. In all other measurements, the respective stock suspension was
filtered and measured at 25 °C. Every measurement was carried out using semi-micro
cuvettes made of poly (methyl methacrylate) (PMMA) from Brand. The hydrodynamic
diameter distributions were plotted depending on three different aspects: The number plot
represents a count over all particles and shows the occurrence of particles with the
respective diameters. The volume plot shows the distribution of the particles which
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contribute the most to the total volume of all particles. The intensity plot shows the
distribution for the particles contributing highest DLS signal intensities. Thereby, larger
particles are highly overrepresented, since the diameter of each particle contributes to the
fit of the signal to the power of six. However, this way of data presentation allows
identification of contaminations or aggregates.

Elementary Analysis (CHNX)

For the investigation of the elemental composition of the carbon materials elementary
analysis was used. Therefore, the material is combusted into gaseous compounds and
analyzed via infrared (IR) spectroscopy.

The analysis was carried out by the Central Analytical Services at the Faculty of Chemistry
and Pharmacy of the University of Regensburg. 1 — 3 mg of the lyophilized particles were
used for a single measurement to determine the mass fraction of carbon, hydrogen and
nitrogen. The mass fraction of oxygen was calculated by subtraction.

Energy-Dispersive X-Ray Spectroscopy (EDX)

Another analytical technique for the chemical characterization of a material is EDX.
Hereby, the atoms of the sample are excited by an electron beam to stimulate the emission
of specific x-rays from the samples distinct atoms. By analyzing the energy of the emitted
radiation, the chemical composition of the specimen may be characterized.

In this work, aqueous suspensions of C-dots and GQDs were drop casted onto gold coated
silicon wavers and the water was evaporated in a drying oven. The samples were analyzed
with a JSM-6700F from JOEL Inc. with a 5 keV electron beam.

Infrared Spectroscopy

Functionalization of the C-dots was analyzed via IR spectroscopy. The molecular
vibrations of functional groups of the sample may be identified as distinct transmittance
peaks in an IR spectrum. In this work an /IR-Spectrometer 3000 from Varian with sapphire
optics was used. For the measurement, lyophilized C-dots were applied onto the optical
bridge.

Raman Spectroscopy

In Raman spectroscopy the inelastic scattering of monochromatic light (Raman scattering)
by a sample is observed and analyzed. The excitation of different vibrational, rotational
and other low-frequency modes allows conclusions on the chemical bonding states of the
samples.
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In this work, Raman spectra were recorded on a DXR Raman microscope from Thermo
Fisher Scientific Inc. equipped with a 532 nm excitation laser (10 mW). For the sample
preparation, aqueous particle suspensions were dried up on gold coated silicon wavers.

X-Ray Photoelectron Spectroscopy (XPS)

In x-ray photoelectron spectroscopy the number and kinetic energy of electrons emitted
from the top 10 nm of the sample material under x-ray irradiation is detected and analyzed.
This allows for the investigation of the elemental composition of the material and the
chemical bonding states of each element in high resolution spectra.

The XPS measurements were performed at nanoAnayltics GmbH in Mlnster, Germany
on lyophilized C-dots. The device which was used is an ESCALAB 250 from Thermo VG
Scientific. For the excitation in spectroscopic mode monochromatic Al Ko x-radiation was
used (15 kV, 150 W, 500 um spot size). Overview spectra were recorded with 80 eV pass
energy, high-resolution spectra with 30 eV.

Zetapotential

The zetapotential of particles in suspension gives information about their surface charge
and therefore their colloidal stability. Furthermore, changes of the pH may result in
alteration of the particle surface charge. This gives hints towards ionizable functionalities,
such as carboxyl or amino groups.

The measurements were performed using a Zetasizer Nano-ZS from Malvern. The C-dots
were analyzed as a 20 mg/mL suspension at 25 °C and at different pH values in aqueous
HCI, NaOH and PBS solutions. For the measurements disposable capillary cells
(DTS1070) from Malvern were used.

43



Materials and Methods

3.4 Optical Spectroscopy and Microscopy

3.4.1 Optical Spectroscopy and Fluorescence Lifetime Determination

Absorption Measurements

All absorption spectra in this work were recorded with a Cary® 50 UV-VIS
spectrophotometer from Agilent Technologies. Correction was realized through
subtraction of the values and spectra of blank solutions with pure solvent. Absorption
measurements below 300 nm were carried out in cuvettes from Hellma made of Suprasil®
quartz with a light path of 10 mm. Those with absorptions at higher wavelengths than 300
nm were performed in single use cuvettes made of PMMA from Kartell.

Fluorescence Spectroscopy

Fluorescence intensities and spectra in this work were recorded with a FP-6300
spectrofluorometer from JASCO Inc. The device was equipped with a DC powered 150 W
xenon lamp. Bandpass filters of the monochromators for excitation and emission were
adjusted to 5 nm for every measurement. The same cuvettes were used as for the
absorption measurements, depending on excitation above or below 300 nm.

Two dimensional fluorescence spectra were obtained by variation of the excitation
wavelength in 5 nm steps and recording the respective emission spectra in 2 nm data
pitches. The spectra were merged into a matrix and plotted as two dimensional maps with
the x- and y-axis as excitation and emission wavelength. The fluorescence intensity at the
respective combination was illustrated with a color code.

Fluorescence Lifetime

The fluorescence lifetime of C-dots was measured on a PicoQuant MicroTime 200 with UV
optics. Excitation was accomplished using a 20 MHz (Nd:Van) laser at 355 nm with 12 ps
pulsing and a beam diameter of 8 mm. An Olympus UPlanS Apo 60x/1.2W in water
immersion was used as objective. Emission was filtered by a Chroma HQ 560 SP filter and
detected with a MPD PDM 50 pm. All lifetime measurements were performed by Dr. Stefan
Nagl at the Institute of Analytical Chemistry of the University of Leipzig.

The experimental data were fitted via exponential decay functions in order to obtain the
fluorescence lifetimes of the material.
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3.4.2 Imaging via Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) uses a focused laser beam to scan across a
specimen through a pinhole in order to increase lateral and axial resolution. The laser
beam focused in the optical plane of the sample only excites fluorophores in its light path.
The emitted fluorescence is detected by a photomultiplier tube with a confocal pinhole in
front of it. 3D imaging is possible by moving the sample along the z-axis. By collecting the
optical xy-sections at each z-position and subsequent reconstruction, layer-by-layer
mapping may be performed (Pawley 2006).

The utilized CLSM in this work was a Nikon Eclipse 90i with a C1 scanning unit which was
used for all fluorescence micrographs. It was equipped with three different lasers (all from
Melles Griot®) for the excitation of the specimen and three different emission detectors for
the blue, green and red channel (RGB) of the recorded micrographs. The specifications of
the lasers and detectors are shown in Table 3.1.

Table 3.1: Specifications of the CLSM lasers and its detectors for the blue, green and red channel.

Lasers: Detectors:

<500 mW laser diode

Blue: 435-450 nm (B)
400-405 nm

<50 mW at 488 nm Green: 515-530 nm (G)

<5 mW at 543.5 nm Red: 650 nm LP (R)

The microscope was equipped with four objectives from Nikon: 10x/0.25, 20x/0.40,
50x/0.55 and 60x/1.00 (magnification/numerical aperture). For high-resolution
fluorescence imaging of cells, the 60x magnification objective was used. It is a water
immersion objective used for the analysis of biological samples under physiological
conditions in aqueous environments. For these experiments every sample was covered
with buffer and the objective was dipped into the solution. For overview fluorescence
micrographs (such as photo wounds) and the imaging of whole spheroids the 10x
magnification objective was mainly used. This is a dry objective, which means imaging
was performed without contact to the buffer solution.

The scanning head of the microscope contained a variable detection pinhole whose size
could be adjusted to four different diameters: S: 30 ym; M: 60 ym; L: 100 pm; O: 150 pm.
For the fluorescence pictures with C-dots and GQDs mostly pinhole adjustment L was
used, as it allows more light to pass to the detector, so that the fluorescence could be
detected more easily. Most pictures were recorded with a resolution of 1024 x 1024 pixels
by the Nikon EZ-C1 software.
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3.4.3 Reagents for Fluorescence Imaging Experiments

For the fluorescence imaging of interactions between C-dots and living cells the following
reagents and labels were used:

FITC-labeled Annexin V and Propidium lodide

Annexin V is a 35-36 kDa Ca®" dependent binding protein with high affinity to the
phospholipid phosphatidylserine. Phosophatidylserine is part of the membrane of living
cells and is located exclusively in the inner membrane leaflet at the inside. Undergoing
apoptosis, phosphatidylserine is translocated to the outer side of the membrane, exposing
it to the cellular environment. As such, fluorescence labeled Annexin V (with fluorescein
isothiocyanate, FITC) may bind to the membrane of apoptotic cells and serves as
fluorescent probe for those cells (Vermes et al. 1995). In later stages of apoptosis, cells
experience a loss of plasma membrane integrity and undergo cell death. For the staining
of dead cells a vital stain such as propidium iodide (Pl) may be used. While healthy cells
exclude Pl, it is internalized into the nuclei of dead cells. Late apoptotic and cells that have
undergone necrotic pathways are both stained Annexin V and Pl positive. An overview
about the different cell stages and their labeling is given in Fig. 3.12.
O Propidium lodide

Y Annexin V FITC
Q Phosphatidylserine

Healthy Early Apoptotic Late Apoptotic

Fig. 3.12: Schematic overview showing healthy and apoptotic cells labeled with different apoptosis
markers.

In this work, an apoptosis detection kit from BD Biosciences with product number 556547
was used. For the staining of the photo wounds the cells were incubated with 1:20 dilutions
of each stock solution in EBSS™ for 2.5 h. For the excitation of both Annexin V FITC and
Pl the 488 nm laser of the CLSM was used. For Annexin V FITC the 515-530 nm detector
was used and for Pl the 650 LP one.

Calcein Acetomethoxyester and Ethidium Homodimer-1

Calcein acetomethoxyester (AM) is used in cell biology as probe for the detection of living
cells. The esterified version of calcein is membrane permeable and the acetomethoxy
groups are removed by intracellular esterases. After cleavage the dye is able to bind ca®
ions which make it become strongly fluorescent and trapped inside the cell. A schematic
of this process is shown in Fig. 3.13. Ethidium homodimer-1 (EthD-1) is similarly to PI
membrane impermeable to healthy cells. By contrast, the dye may enter dead cells which
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lost plasma membrane integrity and intercalate into dead cells DNA, staining its nucleus.
Ethidium homodimer-1 becomes highly fluorescent upon DNA intercalation and therefore
may be used as probe for dead cells (Horobin et al. 2002).

ROOC. COOR

ROOC. N N._-COOR

HaC. 0. 0. 0. CHj
< Esterases \L( 0 0 T
o

O [ r ?{o)kcm

o}

Calcein AM

Fig. 3.13: Schematic for the transportation of calcein AM into living cells. Intracellular esterases
hydrozlyze the probe to free calcein, which becomes fluorescent and trapped inside the cell upon binding
to Ca”".

To distingusih between living and dead cells in this work a LIVE/DEAD®
Viability/Cytotoxicity Kit for mammalian cells (L-3224) from life technologies was used.
Cells were incubated with 2 yM Calcein AM and 4 uM EthD-1 solutions in PBS™ for about
30 min at room temperature. Afterwards they were washed with PBS™ and analyzed via
CLSM. Calcein AM was excited at 488 nm and detected at 515-530 nm. EthD-1 was
excited at 543 nm and emission observed using the 650 LP detector.

Lysotracker green

For the staining of lysosomes inside living cells LysoTracker® Green DND-26 (L-7256)
from Life Technologies was used, which is a fluorescent acidotropic probe for acidic
organelles. The specific staining is based on fluorescence labeled weak basic amines
which are freely permeable through cell membranes. In acidic cell organelles such as
lysosomes, those weak amines get protonated and therefore get trapped in those
organelles membranes. For the staining cells were incubated with a 1 uM solution of the
dye in PBS™ for 30 minutes, washed and analyzed via CLSM. A schematic of the
molecular structure of LysoTracker® Green and its staining pattern is shown in Fig. 3.14.
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Fig. 3.14: Molecular structure of LysoTracker® Green on the left and a schematic for the staining pattern
with the dye in cells on the right.
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DNA Blotting and Staining with C-dots/EthD-1

Among others, investigations on the binding of C-dots to DNA were performed via staining
of DNA structures. These were prepared via the following protocol. A custom made
polydimethylsiloxane (PDMS) stamp with a fine lined structure was incubated with double
stranded DNA (ds DNA, from herring sperm, Sigma Aldrich) with a concentration of 5
mg/mL in PBS™ for 24 h in order to soak it with the DNA. Subsequently, the stamp was
washed with PBS™ and dried under nitrogen flow. Then, the stamp was pressed for 4 h
on a culture Petri dish, which had been pre-incubated with a poly-L-lysine (as hydro
bromide, Sigma Aldrich) solution, blotting the DNA on its surface. Thereupon, the stamp
was removed and the DNA structure was incubated with 1.0 mg/mL C-dots in PBS™, or 4
UM EthD-1 for 30 min, respectively. The Petri dish was washed with PBS™ and analyzed
with CLSM. A schematic for the preparation of the DNA structure is shown in Fig. 3.15.

TN )

CE R

e DNA| Blottin
3%
= Y
PDMS Stamp Poly-L-Lysine v

% = ds DNA coated Petri dish

Fig. 3.15: Schematic for the preparation of defined DNA structures on Petri dishes to image the binding
of C-dots to DNA.
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3.5 Cell Culture Techniques

Avoiding microbiological contaminations and establishing aseptic conditions are
requirements for working with cultures of animal cells. In order to ensure these conditions,
all cell culture work was done under a laminar air flow work bench (Thermo Fischer
Scientific Inc.). All consumables were autoclaved and only sterile medium and reagents
were used. Cells were grown in culture flasks with a growth area of 25 cm? using 4 mL of
culture medium. They were cultivated in an incubator (Thermo Fischer Scientific Inc.) at
37 °C with a 5% CO, humidified atmosphere. The cells were fed with fresh medium every
three days and one day before every cell experiment. All reagents, buffers and media were
warmed in a 37 °C water bath before usage and originate from Sigma Aldrich if not denoted
differently.

3.5.1 Cultivation of Adherent Cell Lines

In this work, five different anchorage-dependent cell lines were used for experiments,
which are described in more detail below. All cell lines originate from the Leibniz Institute
DSMZ — German Collection of Microorganisms and Cell Cultures.

Normal Rat Kidney (NRK) cells were derived from rats of the species rattus norvegicus.
The NRK cells used in this work (NRK-52E) are epithelial-like, adherently growing cells,
which form homogeneous monolayers with a cobblestone-morphology, as shown in Fig.
3.16a.

The culture medium consisted of the following ingredients. Dulbecco’s Modified Eagle’s
Medium (DMEM) with 3.7 g/L NaHCO3; and 4.5 g/L D-Glucose + 5% (v/v) fetal calf serum
(FCS, Biochrom), 1 mM L-Glutamine; 100 ug/mL Penicillin and 100 pg/mL Streptomycin.

Madin-Darby Canine Kidney (MDCK) | and Il cells were both derived from an apparently
normal adult female cocker spaniel kidney in September 1958 by S.H. Madin and
N.B. Darby. These cells are have been characterized as epithelial cells and grow to form
a confluent monolayer similar to the NRK cells, as shown in Fig. 3.16b.

Fig. 3.16: Phase contrast micrographs of confluent monolayers of selected cell lines. a) NRK cells,
b) MDCK Il cells.
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The biggest difference between MDCK | and Il cells is that MDCK | cells form very tight
cell junctions and were derived from low passages of the parental cell line. MDCK Il cells
by contrast originate from higher passages of the parental cell line and exhibit “leaky”
junctions (Barker et al. 1981). Furthermore, MDCK Il cells are larger and taller, while
MDCK | cells are more flat and irregular (Richardson et al. 1981).

The culture medium for both cell lines consisted of the following ingredients: Earle’s
Minimal Essential Medium (MEM-Earle) with 2.2 g/L NaHCO3; and 1 g/L D-Glucose +
5% (v/v) FCS; 4 mM L-Glutamine; 100 pg/mL Penicillin; 100 uyg/mL Streptomycin.

Chinese hamster ovary (CHO) cells originate from the ovary of a Chinese hamster. The
cell line CHO-K1 has been isolated by Theodore T. Puck from a female Chinese hamster
in 1957, through single cell cloning (Wurm et al. 2011). These are epithelial cells typically
exhibiting a long stretched morphology as shown in Fig. 3.17a.

The culture medium for CHO-K1 cells consisted of the following ingredients: Nutrient
Mixture F-12 Ham (Ham’s F12) + 10% (v/v) FCS; 2 mM L-Glutamine; 100 ug/mL Penicillin;
100 pg/mL Streptomycin.

Cultured human keratinocyte (HaCaT) cells are a spontaneously transformed aneuploid
immortal keratinocyte cell line isolated from adult human skin (Boukamp et al. 1988).
These form an almost regular epidermal architecture when grown to confluence on their
growth substrates, as indicated in the micrograph of Fig. 3.17b.

The culture medium for HaCaT cells consisted of the following ingredients: DMEM with
3.7 g/L NaHCO3;and 4.5 g/L D-Glucose + 10% (v/v) FCS, 2 mM L-Glutamine; 100 pg/mL
Penicillin and 100 pg/mL Streptomycin.

Fig. 3.17: Phase contrast micrographs of confluent monolayers of selected cell lines. a) CHO cells,
b) HaCaT cells.
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Subcultivation

NRK, MDCK II and HaCaT cells were subcultured once a week using the following
protocol. First, the confluent cell-layer was washed twice with 4 mL PBS ~ (phosphate
buffered saline; w/o Ca** and Mg*) to remove dead cells and bivalent cations.
Furthermore, the cells were incubated with a 1 mM solution of EDTA
(ethylenediaminetetraacetic acid) in PBS ™ for 10 min at 37 °C. EDTA is a strong chelate-
ligand which complexes bivalent cations, such as Ca** and Mg®*, which are needed for the
formation of functional cell-cell- and cell-ECM-contacts (extra cellular matrix). After
removing the EDTA-solution the cells were treated with 1 mL of a 0.05% (w/v) trypsin-
EDTA solution in PBS ™ for 10 min at 37 °C. Trypsin is an enzyme which belongs to the
endopeptidases and cleaves peptides and proteins at the carboxylic side of the amino
acids lysine and arginine. This is used to detach the cells from the surface of the growth
substrate. Detachment was controlled with an inverted microscope and the activity of the
enzyme was stopped through the addition of 10 mL culture medium to the cell suspension.
The suspension was then transferred into a sterile centrifugation tube and centrifuged for
10 min with 110-g at room temperature. The supernatant was removed and the resulting
cell pellet was resuspended in 4 mL of culture medium. Aliquots of this suspension were
used to seed the cells again in new culture flasks (25 cm?) with 4 mL culture medium in
dilutions of 1:10 or 1:20 with respect to the growth area.

MDCK | cells were subcultivated similarly, except that a 0.25% (w/v) trypsin-EDTA solution
in PBS™ “was used for the detachment of the cells. Furthermore, incubation times for the
EDTA- and trypsin-EDTA solutions were doubled to 20 min.

CHO K1 cells were subcultivated similarly to NRK cells, except that this was performed
twice a week, incubating the cell-layer with 4 mL PBS™ ™ for 10 min, without the addition of
EDTA. Afterwards the standard protocol applies.
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3.5.2 Cultivation of Three Dimensional Multicellular Spheroids

Multicellular spheroids (MCS) are three dimensional spherical aggregates, typically a few
hundreds of micrometers in size and consisting of several thousands of cells. They are
used as in-vitro model for the investigation of tumor diseases and therapeutic approaches
against cancer (Mueller-Klieser 1997).

In this work, MCS from Michigan Cancer Foundation-7 (MCF-7) cells were used. MCF-7
is a human breast adenocarcinoma cell line, isolated in 1970 from a 69-year-old Caucasian
woman. On adhesive surfaces, MCF-7 cells grow to epithelial-like confluent monolayers.
For the formation of MCS the cultivation in non-adhesive culture ware was used, which is
described as follows.

The culture medium consisted of the following ingredients: Earle’s Minimal Essential
Medium (MEM-Earle) with 2.2 g/L NaHCO3; and 4.5 g/L D-Glucose + 10% (v/v) FCS (Sigma
Aldrich); 110 pg/mL Pyruvate; 2 mM L-Glutamine; 100 pg/mL Penicillin; 100 pg/mL
Streptomycin.

Fig. 3.18: Bright-field micrograph of a MCF-7 cell spheroid grown for 7 days in cell culture.

For the preparation of MCS, MCF-7 cells were grown in culture flasks with a growth area
of 25 cm? using 4 mL of the medium mentioned before in an incubator at 37 °C with
5% CO.,. Close to confluence, the cells were subcultivated by removing the culture medium
and subsequent incubation with a 1 mM solution of EDTA in PBS ™ for 2 min at 37 °C.
Afterwards, the buffer was removed and substituted for 1 mL of a 0.25% trypsin-EDTA
solution for 3 to 4 min at 37 °C. Detachment of the cells was controlled using an inverted
microscope and 4 mL of culture medium were added to stop the enzyme activity of trypsin.
The cell suspension was then transferred into a sterile centrifugation tube and centrifuged
for 5 min (200-g) at room temperature. The supernatant was removed and the resulting
cell pellet was resuspended in 4 mL of culture medium. Cells were counted with a Burker
hemacytometer and 3000 cells/well were seeded into agarose-coated 96-well plates.
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Coating of the wells was carried out before, using 50 yL of a sterile 1.5% (w/v) agarose
solution in serum free MCF-7 culture medium per well. After seeding the cell suspensions,
the plate was sealed with Parafiim® and incubated at 37 °C under orbital shaking for 4 h
at 120 rpm and 50 rpm over night. Subsequently, the plate was transferred into a common
incubator and in ideal cases every well contained one spheroid. Each MCS was allowed
to grow for seven days before performing experiments with it. A bright-field micrograph of
such a spheroid is shown in Fig. 3.18.

The preparation of the MCS was carried out by Christina Hupf at the Institute of Analytical
Chemistry, Chemo- and Biosensors, University of Regensburg.
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3.5.3 Cultivation of Beating Cardiomyocytes

Cor.At® cardiomyocytes are derived from transgenic mice embryonic stem cells (Kolossov
et al. 2005) and were purchased from Axiogenesis. These cells are produced through in
vitro differentiation of mouse embryonic stem cells and puromycin selection of
cardiomyocytes. Cor.At® cells express cardiac-specific connexin-43, which indicates their
ability for electric coupling between each other (Kolossov et al. 2006).

Since these cells are highly standardized from lot-to-lot, 99.9% pure and exhibit a fully
functional cardiac phenotype, they can be utilized for cell-based in vitro assays, addressing
cardiac pharmacology or toxicology. Moreover, this method is well suited to study the
impact of any kind of stimuli on the regular cardiomyocytes beating.

The cells were seeded and cultured on fibronectin-coated 8W1Eu ECIS electrode arrays
in the commercially available culture medium especially designed for Cor. At®
cardiomyocytes and purchased from Axiogenesis (Ax-M-MC250E). Cultivation was
performed in humidified incubators at 34 °C and a 5% COj-atmosphere. Details on the
ECIS based assays with the cardiomyocytes are described in chapter 3.6.2. Seeding of
the cells was performed three days prior to the experiments with addition of puromycin as
selection antibiotic agent. Two days before, the cardiomyocytes were fed with fresh
medium containing puromycin and on the day before the experiment the medium was
exchanged against a puromycin-free one. During these days establishment of the electric
coupling between the cells and the accompanying synchronous cell contraction was
monitored via ECIS. A phase contrast micrograph of Cor.At® cardiomyocytes seeded on
an 8W1Epu ECIS array is shown in Fig. 3.19.

Fig. 3.19: Phase contrast micrograph of Cor.At® cardiomyocytes on an 8W1Eu ECIS electrode array.
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3.6 Electric Cell-Substrate Impedance Sensing

Electrical Cell-Substrate Impedance Sensing (ECIS) is an impedance-based, non-invasive
biophysical approach to monitor animal cell morphologies in vitro time-resolved. The
technique was developed by Giaever and Keese in 1984 and has become a standard
method to monitor cell-based assays with commercially available measurement systems
(Giaever et al. 1984).

The principle of ECIS is shown in the schematic of Fig. 3.20 and is based on measuring
the alternating current resistance (impedance) of cell-covered, planar gold film electrodes.
Therefore, cells are seeded on gold films which serve as both, growth substrates and
electrodes. A small working electrode is electrically connected to a much larger counter
electrode via the surrounding culture medium. The size proportion ensures that the
measured impedance is mostly determined through the working electrode. In low
frequency ranges cells act as insulating particles, which force the electric current to flow
underneath or between them. Accordingly, cell-free electrodes exhibit lower impedances
than cell-covered ones. Furthermore, changes in cell morphology due to external
influences may be observed, since a change in the three-dimensional cell structure leads
to variations of the current paths. Consequently, impedance increases for electrodes with
swelling cells and tighter cell-cell connections, as the space between them narrows. Vice
versa, impedance decreases for shrinking cells. These phenomena may be used for
cytotoxicity screenings as dying cells shrink and detach from their growth substrate.

Culture medium

/4\:

T@l

Impedance Z(f)

Working
electrode

Counter
electrode

Fig. 3.20: Schematic illustrating the principle of ECIS. A small working electrode is electrically connected
with a large counter electrode via the electrolytes of the culture medium. Impedance is measured as a
function of frequency.

Additionally, ECIS provides the capacitance of the cell-covered electrode, which is
especially interesting at higher frequencies. In higher frequency ranges, the current does
not flow underneath and between cells but passes through them. As the capacitance
depends on the permittivity of the surrounding medium, cell-free electrodes have a higher
capacitance than cell-covered ones. That allows for a time-resolved monitoring of the
fractional coverage grade of the electrode with cells.
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3.6.1 Cell-based Assays using Commercially Available ECIS Arrays

For the ECIS experiments in this work, commercially available eight-well electrode arrays
from Applied BioPhysics Inc. were utilized. These arrays consist of eight separate wells
with a growth area of 0.8 cm? each and an inner volume of 600 ML per well. The substrate
consists of Lexan® polycarbonate, which is coated with a thin gold film, covered with
photopolymer. Photolithography is used to remove the polymer on the electrical contacts
as well as on working and counter electrodes, exposing the gold film to the surrounding
medium. Each of the wells contained one or more circular working electrodes with a
diameter of 250 um, depending on the respective array type, shown in Table 3.2. During
a last manufacturing step an eight-well polystyrene chamber with lid is fixed on the base
substrate with silicone glue to form eight individual measurement chambers.
Subsequently, the arrays are exposed to an oxygen plasma which cleans the electrodes
and sterilizes the chambers and lids.

Table 3.2: Specifications of commercial ECIS arrays according to Applied BioPhysics Inc.
(http://www.biophysics.com/cultureware.php).

Electrodes per Electrode Area Number of Cells
ECIS Array 9
Well /mm measured
SW1E 1 0.049 50-100
8W10E 10 0.49 500-1000
SW10E+ 40 1.96 2000-4000

Cytotoxicity and Cell Migration Assays

Cytotoxicity and cell migration assays were carried out in 8W1E arrays, as shown in Fig.
3.21. Therefore, NRK cells were seeded in a density of 200.000 cells/well two days prior
to the experiment. One day before the experiment the cells were fed with fresh medium.
Cytotoxicity assays were carried out by exposing the cells to increasing C-dot
concentrations, keeping the cells permanently in contact with the particle suspension and
monitoring impedance/capacitance over time. Cell migration was studied by first wounding
the cell layers grown on the working electrodes by applying a lethal electric pulse (30 s,
5V, 40 kHz). Recovery of the electrodes impedance and capacitance due to repopulation
of the electrode by migrating cells then followed with time. Thereby, the impact of C-dots
on the cells’ ability to migrate was investigated.
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Fig. 3.21: a) Commercially available 8W1E ECIS array from Applied Biophysics. b) Magnification of one
well of the array with the small working electrode in the middle and the large u-shaped counter electrode
on the bottom.

Phototoxicity Assay

Phototoxicity evaluations with C-dots in suspension were performed using 8W10E ECIS
arrays. NRK cells were seeded and fed similarly as mentioned before. On the day of the
experiment, the cells were incubated with the 0.3 mg/mL C-dots in EBSS™*/Glucose (1 gL,
EBSS™'/G). After 10 min the suspension was irradiated with a standard UV lamp (366 nm,
2x6 W) for 10 min, as shown in Fig. 3.22. Subsequently, the array was transferred into an
incubator, electrically connected and the time-courses of impedance/capacitance were
recorded.

Fig. 3.22: Photoxicity evaluation of C-dots in suspension. a) Set-up for the exposure of NRK cells to UV
light (366 nm, 2x6 W) in 8W10E ECIS arrays. The cells are incubated in EBSS™"/G containing 0.3 mg/mL
C-dots. b) Closer view on the ECIS array. Control cells which were not meant to be irradiated were
covered with aluminum foil.

Cell Proliferation and Adhesion Assays

Cell proliferation and adhesion were measured in 8W10E+ ECIS arrays. This array type
was preincubated with medium several hours before the experiment. Furthermore, the
electrodes were cleaned via the “stabilize”-function of the ECIS software. For proliferation
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studies NRK cells were seeded in a density of 10.000 cells/well. Subsequently, the array
was connected to an EICS device and impedance/capacitance was measured over time.
After 6 h, the cells had adhered on the substrate and were then incubated with C-dots in
serum-containing medium. For investigations on the influence of C-dots on cell adhesion,
NRK cells were subcultivated and suspensions of the cells were incubated with the
particles for 30 min. After incubation the cells were seeded in a density of 350.000
cells/well and changes of the impedance/capacitance were monitored over time.

All measurements with these arrays were carried out in humidified incubators at 37 °C and
a 5% COz-atmosphere. The arrays were electrically connected to a commercially available
ECIS 1600R unit via an ECIS array holder, both from Applied Biophysics.
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3.6.2 Monitoring the Impact of Carbon Dots on Cardiomyocyte Beating

Studies of the Cor.At® cardiomyocytes were performed in two commercially available
8Wu1E ECIS arrays from Applied BioPhysics Inc, as shown in Fig. 3.23a. These are eight
well arrays with 4 electrodes per well. Each electrode has an area of 0.196 mm?, so that
200 — 400 cells are monitored, according to the supplier. The arrays were modified by
gluing silicone tube sections around the working electrodes in order to decrease the growth
area and the number of cardiomyocytes needed. A photograph of one modified well of
such an ECIS array is shown in Fig. 3.23b. Prior to the experiments the bottom of the wells
were coated with fibronectin (from bovine plasma, Sigma Aldrich) in order to enable
adhesion of the cardiomyocytes on the electrodes.

Before and after incubation with C-dots in medium, the regular beating of the
cardiomyocytes was monitored via the rapid time collect (RTC) data acquisition provided
by the commercial ECIS software from Applied Biophysics Inc. Impedance of the
electrodes was monitored at 4 kHz, collecting 64 data points per second. The experiment
was carried out on two ECIS arrays simultaneously, monitoring each electrode for 72 sec,
cycling three times through all 16 wells per measurement. The obtained impedance time
courses were analyzed for the amplitude and the frequency of the beating using a
LabView® based software.

Fig. 3.23: a) Commercially available 8W1uE ECIS array from Applied Biophysics, each well modified
with a silicone tube section. b) Magnification of one well of the array with the working electrodes in the
middle, surrounded by a silicone tube section, yielding a smaller growth area.

All measurements with these arrays were carried out in humidified incubators at 34 °C and
a 5% COq-atmosphere. The arrays were electrically connected to a commercially available

ECIS Z6 device via an ECIS array holder, both from Applied Biophysics Inc.
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3.6.3 Monitoring the Phototoxicity of Carbon Dots by ECIS

The phototoxicity of internalized C-dots was investigated without particles in the
surrounding medium, in order to study exclusively their intracellular impact via generation
of reactive oxygen species (ROS). Therefore, a custom-made ECIS array with indium tin
oxide (ITO) electrodes on a polymer substrate was used. As electrode layout an 8W1E
design was chosen and the structure of the electrodes and connecting pads was defined
with a photoresist (AZ ECI13027, AZ Electronic Materials GmbH) and photo-lithography. A
photograph of one of those arrays is shown in Fig. 3.24a. The advantage of ITO as
substrate is that it is electrically conducting and optically transparent at the same time. This
allows for a well defined light exposure of the cells on the electrodes using an inverted
microscope.

NRK cells were seeded and fed on the ITO arrays in a similar way as for cytotoxicity
evaluations. On the day of the experiment the cells were incubated with C-dots (1.0 mg/mL
in EBSS™/G) for 1 h. Afterwards, the cells were washed twice with EBSS™/G to ensure
that only internalized C-dots remain in contact to the NRK cells. Subsequently those cells
on the electrodes were focused and irradiated, as shown in Fig. 3.24b. Therefore, an
inverted microscope (Nikon Diaphot) with a 10x/1.25 objective was used with a Nikon UV-
2A filter block (excitation filter: 330-380 nm, bandpass) and a mercury vapor lamp (Nikon
HB-10101AF) as light source.

Fig. 3.24: a) Photograph of a custom-made 8W1E ECIS array with ITO as electrode material and
photopolymer for the definition of electrodes and conducting pads. b) Schematic of the focused
irradiation of internalized C-dots through the ITO substrate using an inverted microscope.

Impedance measurements were carried out on a custom-made device, using individual
electronic components. The set-up consisted of an impedance analyzer (SI-1260,
Solartron Instruments), an external frequency generator (Hewlett Packard: model 33120),
a micro controller and a relay. The computer-controlled micro controller is used to switch
between the impedance analyzer for non-invasive measurements and the frequency
generator for manipulating cells. The relay connects the working electrodes with the
respective counter electrode. Software written in LabView® collects the recorded data. For
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the electrical connection of the electrode array a special holder (Applied BioPhysics Inc.)
was used in a humidified incubator at 37 °C with 5% CO..

The manufacturing of the ITO ECIS electrode arrays was performed by Romy Freund at
the Institute of Analytical Chemistry, Chemo- and Biosensors, University of Regensburg.
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3.7 Permeation Studies across Barrier-forming Cell
Monolayers

Since C-dots are only a few nanometers in size and are well-known to easily penetrate cell
membranes, the particles were investigated for their permeation kinetics through cell
layers (Song et al. 2014). Therefore, porous cell culture inserts covered with cells
monolayers were used. To pursue such a study, the analyte is added to the upper
compartment of such an insert and it has to diffuse through the cell layer in order to
equilibrate the concentration gradient and reach the lower compartment. The presence of
the C-dots in the lower compartment can be easily detected by fluorescence spectroscopy.

As permeable cell culture substrates Corning® Transwell® filters (No. 3401) from Costar
were used. These consist of a polycarbonate membrane with pore diameters of 400 nm
and a density of 10° pores/cm? and a surface area of 1.12 cm®. A photograph of one of
those filter inserts is shown in Fig. 3.25a. The filters were placed in a 12-well plate, with
1.5 mL cell medium in the lower compartment and 0.5 mL of the respective cell suspension
in the upper compartment. NRK, MDCK | and MDCK Il cells were seeded in densities of
500.000 cells/filter insert, two days prior to each experiment. To pursue the experiment,
the medium was exchanged against EBSS™"/G and the filters were transferred into a new
12-well plate with 1.5 mL EBSS™'/G in the lower compartment. The upper one was filled
with 0.5 mL of 0.3 mg/mL C-dots in EBSS™"/G, respectively with 2 mg/mL FITC-labeled
Dextran (4 kDa, Sigma Aldrich) as reference. The filters were placed in an incubator at 37
°C and 5% CO; and in distinct time intervals the fluorescence of the lower compartment
was measured. Therefore, the filter inserts were taken out prior to every readout and
fluorescence intensity was measured using a fluorescence plate reader GENios from
Tecan (10 flashes, 40 s, exc./em.: C-dots: 360/465 nm, FITC: 485/535 nm). After every
measurement the filters were transferred back into the incubator. The principle of the
experiment is shown in Fig. 3.25b as schematic.

Fig. 3.25: a) Photograph of a Corning® Transwell® filter (No. 3401) from Costar. b) lllustration about
the principle of the permeation experiment. Particles from the upper compartment have to diffuse
through the cell layer to reach the lower compartment.
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3.8 Protocols for Loading and Imaging of Mammalian
Cells with Carbon Dots

In order to ensure constant quality of the staining and loading of mammalian cells with
C-dots, standard protocols for the incubation with the particles were developed.
Furthermore, CLSM imaging conditions were established for the application in a Live-
Dead-Assay and for phototoxicity assays in a light-induced cell manipulation approach
based on C-dots, as described later.

Live-Dead-Staining of Mammalian Cells via Carbon Dots

Since cytotoxicity of diverse toxicants was investigated via C-dots, the incubation with the
particles should be as non-invasive as possible. Therefore very short incubation times of
30 min were chosen with 1.0 mg/mL C-dots in PBS™" at 37 °C. Afterwards the cells are
washed with twice with PBS™ and analyzed via CLSM. The short contact of the cells to
the particles should ensure that additional impairments of cell physiology are minimized
and only the toxicants’ effects on cell health are observed. A concentration of 1.0 mg/mL
was chosen since this is below the ECsy value and enables maximum uptake of C-dots
along the short incubation time. The incubation at 37 °C was chosen to provide proper
conditions for endocytosis, which is suggested to be the main uptake mechanism for C-
dots into living cells. Upon laser excitation at 405 nm the cytoplasm of living cells exhibits
blue luminescence due to uptake of the particles in low concentrations. Dead cells by
contrast lost plasma membrane integrity and therefore C-dots may freely enter those cells’
nuclei. The subsequent accumulation of the particles in the nuclei and binding to DNA is
suggested to influence the optical properties of C-dots. As such, the nuclei of dead cells
exhibit bright green luminescence upon laser excitation at 488 nm, as indicated in the
schematic of Fig. 3.26a.
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Fig. 3.26: Principle of the staining and CLSM imaging of living and dead mammalian cells with C-dots.
a) Schematic side-view of living and dead cells upon exc. at 405 nm or 488 nm, respectively.
b) Schematic of living and dead cells under simultaneous exc. at 405/488 nm.
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For the CLSM imaging of the C-dot stained cells, mostly a water immersion objective
(60x/1.00) was used with Pinhole L and RGB detector gains of 130, see chapter 3.4.2. The
imaging of a cell sample with simultaneous laser excitation at 405/488 nm, results in the
different coloration of living and dead cells, as shown in the schematic of Fig. 3.26b.
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Loading of Normal Rat Kidney Cells with Carbon Dots to Combine Light-induced Cell

Manipulation and Multicolor Imaging

For the loading of NRK cells with C-dots the short-term incubation protocol was slightly
modified in order to maximize internalization of the particles. This should ensure that the
generation of ROS inside living cells upon excitation of C-dots shows highest efficiency
with respect to triggering apoptosis in target cells. At the same time, the physiology of
those cells loaded with the particles but not being irradiated should be as unaffected as
possible. Therefore, the incubation time was prolonged to 60 min with 1.0 mg/mL C-dots
in EBSS™/Glucose (1 g/L) at 37 °C, 5% CO,. The buffer was adapted to a carbonate
system, as the longer incubation was performed in standard incubators with CO,
atmosphere. Afterwards, the cells were washed twice with EBSS™"/Glucose and kept in
the buffer during irradiation. 5 min of epi-illumination with the set-up described in chapter
3.6.3 induced distinct wounds of the cell layer after 1 — 3 h incubation time, at 37 °C,
5% CO,. The dead cells in the field of exposure exhibit bright green luminescent nuclei
upon excitation at 488 nm via CLSM. At the same time, surrounding cells in healthy
condition exhibit a bright blue cytoplasm upon excitation at 405 nm, as indicated in the
schematic of Fig. 3.27a.

Irradiation of the cells via CLSM lasers for the light-induced manipulation approach on
single cell level requires the extension of the set-up with a heating thermostat maintaining
37 °C during waiting time. Therefore, C-dot-loaded NRK cells grown in a small Petri dish
are placed in a special copper thermostat with an external water heating and pumping
device. This allows analyzing the cells after the waiting time without changing their
position. At first, the cells are analyzed using 405/488 nm excitation. Target cells were then
selected via digital zoom, and irradiated for 3 — 5 min with the 405 nm laser. After 1 h at
37 °C, the NRK cells are analyzed again by excitation at 405/488 nm. Thereby, irradiated
cells exhibit the typical green luminescent nuclei surrounded by cells with a blue
luminescent cytoplasm as shown in Fig. 3.27b.

a ) uv b ) 405 nm

Fig. 3.27: Schematic for the light-induced cell manipulation based on C-dots. a) UV-Irradiation in large
area via epiluminescence microscopy. b) Irradiation by 405 nm laser. Living cells exhibit a blue
cytoplasm upon exc. at 405 nm, dead cells exhibit green nuclei upon exc. at 488 nm after the treatment.
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4 Characterization of the Carbon Nanomaterials

The following chapter gives insight in the thorough investigations on the physicochemical
and optical properties of the carbon nanomaterials, prepared in this work. Specifically, the
characteristics of these are described in the following order: C-dots, GQDs, chemically
modified C-dots and nanostructures with embedded C-dots.

4.1 Characterization of Carbon Dots

The characterization of the C-dots should at first verify the successful nanostructure
formation from the precursor molecules. Furthermore, the dimensions and morphology of
the particles was investigated. Based on this, the chemical composition and the
spectroscopic properties of the C-dots were studied.

4.1.1 Size Determination of Carbon Dots

Dynamic Light Scattering

Size distributions of the N-doped and undoped C-dots were studied at first in suspension
by measuring the hydrodynamic diameter (dy) of the particles via DLS. The hydrodynamic
diameter is in direct correlation to size and surface charge of the particles. Furthermore, it
plays an important role for the application of C-dots in aqueous media, since the particles
are internalized into living cells, for example, with their hydrate shell. Typical results for the
DLS analysis of the particles in PBS are shown in Fig. 4.1a for N-doped C-dots and in Fig.
4.1b for undoped C-dots.
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Fig. 4.1: Hydrodynamic diameter distributions expressed as number, volume or DLS intensity of the N-
doped C-dots a) or the undoped C-dots b) in PBS at 25 °C.

A typical result of the DLS analysis of N-doped C-dots, such as the one shown here, yields
hydrodynamic diameter distributions between 0.8 and 10 nm. Among different batches,
these hydrodynamic diameter distributions are highly reproducible, varying only. In
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contrast to these particles, the undoped C-dots were particularly smaller with distributions
between 0.5 and 3.1 nm Also the average values of the different distributions, shown in
Table 4.1 confirm this tendency, since the averages for the particle number, volume and
intensity are all at larger diameter for the N-doped C-dots. Hereby, it has to be mentioned
that DLS is on the limit of the size determination with 0.6 nm. As such, these values may
only be seen as indications for possible particle formations.

Table 4.1: Average values obtained from the distributions of the DLS measurements in Fig. 4.1 with
standard deviations as error.

Peak N-doped C-dots Undoped C-dots
Number 1.4 +£04 nm 0.7+£0.2 nm
Volume 20+£1.0 nm 0.8+0.3nm
Intensity 4.4 +0.2nnm 1.3+£0.7 nm

The observation of particularly larger hydrodynamic diameter for those C-dots prepared
with Trp could be attributed to an important role of the amino acid in the particle formation
process. Dehydration catalysis and chemical bond formation in the polymerization steps,
as indicated in Fig. 1.4 and Fig. 3.4, may be linked to the presence of Trp. Larger C-dots
from carbohydrates in presence of Trp are furthermore in accordance with reports from
literature (Simoes et al. 2014). Since the zeta potential of the particles at physiological pH
was found to be almost neutral, surface charge effects do only play a minor role for
influences on the hydrodynamic diameter. More information on the effect of the addition of
Trp on the chemical composition of the C-dots and the zeta-potential is given in chapter
4.1.2.

Atomic Force Microscopy

For practical applications in cellular imaging, only the N-doped C-dots are of significant
interest due to enhanced quantum yields, shown in chapter 4.1.3. As such, the morphology
of this type of C-dots was characterized in detail via AFM. In Fig. 4.2a-c AFM micrographs
of dried C-dots on mica substrate are shown with increasing magnification. The particles
were analyzed for their height profile and a corresponding distribution for the measurement
of 202 particles is shown in Fig. 4.2d.

68



Characterization of the Carbon Nanomaterials

1.00 nm 1.01 nm

0.00 nm

Counts

0.00 nm

1.0 2.0 3.0 4.0
h/nm

Fig. 4.2: a-c) AFM micrographs of dry N-doped C-dots on mica substrate. Magnification increasing from
picture a) to c¢). d) Height distribution of N-doped C-dots measured over 202 particles, yielding an
average of 1.6 nm with a standard deviation of 0.8 nm. The dashed line represents a normal distribution
after least square optimization.

Analyzing the height of the N-doped C-dots reveals a distribution between 0.5 and 4.5 nm,
with the majority of the particles between 1.0 and 1.5 nm and decreasing numbers towards
larger particle heights. The average over all measured particles is 1.6 nm with a standard
deviation of 0.8 nm. These results are consistent with those from DLS (average of 3.2 nm),

since the diameter of the dry particle is always smaller than its hydrodynamic diameter.

In summary, the HTC process from starch and Trp apparently yields C-dots with a size
distribution between 0.5 and 4.5 nm. While most of these particles are smaller than 2.0 nm,
there are significant amounts of larger species. As such, the particles may have to be
considered as a mixture of different species with possibly different spectroscopic and/or
chemical properties.
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4.1.2 Functionalization of Carbon Dots

The following chapter covers the characterization of the chemical composition and
funcationalization of N-doped C-dots from starch and Trp.

Elementary Analysis

Chemical groups and doping of the particles is indicated by their elemental composition.
In order to study the composition of the C-dots and the influence of the addition of Trp on
the efficiency of N-doping and dehydration, elementary analysis was carried out. The
obtained mass ratios of the elemental composition from the analysis of starch as main
precursor, as well as undoped and N-doped C-dots with varying amounts of added Trp for
the HTC process are shown in Table 4.2.

Table 4.2: Mass ratios (w/w) of the elemental compositions of starch, undoped and N-doped C-dots.
The composition of the brightest and mainly studied particles in this work is indicated in bold.

Cc H N O(calc.)
Starch 40.4% 6.6% 0.0% 53.0%
C-dots undoped 40.1% 6.6% 0.0% 53.3%
C-dots 150 mg Trp 42.9% 6.3% 0.5% 50.3%
C-dots 350 mg Trp 44.9% 6.1% 1.1% 47.9%
C-dots 500 mg Trp 47.3% 6.0% 1.6% 45.1%

As demonstrated by the results, the hydrothermal treatment of starch without the addition
of Trp led to marginal dehydration of the precursor material. Accordingly, undoped C-dots
exhibit almost the same elemental composition as starch. The addition of Trp by contrast,
yields an increasing content of carbon, while hydrogen and oxygen ratios are decreasing
directly proportional to the amount of added Trp. This is due to increasing dehydration
efficiency because of catalysis by Trp, as known for amino acids via Schiff’ base reaction
(Hodge 1979). As such, it may be assumed that Trp plays a significant role in the
dehydration of starch and consequently for particle formation. Furthermore, the increase
of the amount of Trp leads to a simultaneous increase in the nitrogen content of the
obtained material. The N-doped C-dots which were used for all further studies exhibit a
nitrogen mass content of 1.1%. Several reports on C-dots and GQDs indicate that doping
with nitrogen drastically increases photoluminescence. As such, this might be the reason
for the enhanced brightness of these C-dots. (Li et al. 2012c; Dong et al. 2013b).
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X-Ray Photoelectron Spectroscopy (XPS)

In order to retrieve information about the chemical binding of the elements within the
C-dots XPS measurements were performed on lyophilized particles. The respective
spectra are shown in Fig. 4.3.
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Fig. 4.3: XPS spectra of C-dots. Electron binding Energy E expressed in eV. a) Overview spectrum with
assignment of the oxygen, nitrogen and carbon peak. b-d) High resolution spectra of the carbon (b),
oxygen (c) and nitrogen (d) peaks.

X-ray photoelectron spectroscopy revealed the presence of carbon (C 1s, 285 eV),
nitrogen (N 1s, 400 eV) and oxygen (O 1s, 532 eV). The expanded C 1s peak contains
signals at 285.0 eV, 286.3 eV, and 288.5 eV, which correspond to COOR, C-O/C-N and
C-C/C-H moieties. The expanded N 1s peak indicates two different C-N binding types with
signals at 399.6 eV and 401.1 eV. According to the peaks in the XPS spectra the particles
exhibit the following functionalities on their surface: C-OH, C=0, C-N, C=N. The carbon-
nitrogen bonds are suggested to enable brightest photoluminescence due to influences on
the emitters’ band gap through the addition of electron donating groups (Li et al. 2012c;
Wang et al. 2015a). C-NH; moieties would also be possible according to XPS signaling of
the expanded N-peak, but the absence of these groups was verified via selective dye
binding experiments.
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Detection of Amine Groups with Selective Chameleon Dyes.

The absence of chemically reactive primary amine groups on the C-dot surface was proven
using the amine selective chameleon dyes S 0378 (FEW Chemicals) and Py-1 (Wetzl et
al. 2004). Both of them did not show any chemical reaction with the particles, while positive
controls using amines led to a clear change of their optical properties.

Infrared Spectroscopy

Chemical moieties on the particles surface were also investigated via IR spectroscopy,
applied to lyophilized C-dots. This method was chosen, since Raman spectroscopy is
heavily disturbed through the C-dots intrinsic fluorescence. A typical IR spectrum of the
particles is shown in Fig. 4.4.
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Fig. 4.4: IR spectrum of lyophilized C-dots with the wavenumbers of the most prominent peaks.

The spectrum exhibits characteristic peaks at 3600 — 3100 cm™' (-OH stretching vibration),
2930 and 2890 cm™ (symmetric and asymmetric C-H stretching vibration), and at 1410
and 1340 cm™ (C-H deformation vibrations). The peaks at 1660 and 1593 cm™ are
assigned to the amide | and Il stretching vibrations, while those at 1145 and 1012 cm’’
result from C-O stretching vibrations.

As such, IR spectroscopy reveals that several functionalities of the precursor molecules
remain in the particles. Among these, hydroxyl groups from starch are most likely to be
particularly present. Interestingly, also amide stretching vibrations were detected with IR
spectroscopy. This indicates that molecular fragments of Trp may be considered as parts
of the C-dots nature through new chemical bond formations with starch during the
preparation process.
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Zetapotential

Surface charge of a particle is determined by its chemical groups. As such, the zeta
potential of the C-dots and its changes upon variation of the pH-value of the surrounding
buffer may give information about their chemical functionalization (Cho et al. 2014). The
normalized zeta potentials of aqueous C-dot suspensions at different pH values are shown
in Fig. 4.5.
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Fig. 4.5: Normalized zeta potentials of aqueous C-dot suspensions (5.0 mg/mL) at 25 °C. The particles
were suspended in: HCI solution (pH 2), PBS (pH 7.4), in NaOH solution (pH 12).

As demonstrated by the results, the C-dots are marginally negatively charged at
physiological pH of 7.4 with a zeta potential of (-9.3 £ 3.5) mV. An increase of the pH to a
value of 12, leads to a slightly more negative potential of (-14.7 + 8.3) mV which may be
attributed to deprotonation at the particle surface. Since the change of the surface charge
is rather small, basic groups such as amines seem to be rare on the particles surface. This
is in accordance with the proven absence of amine groups, described in previous studies.
In the acidic solution of pH 2 by contrast, the C-dots show a clearly positive zeta potential
of (10.6 £ 7.6) mV. This effect is rather strong and as such protonation of acidic groups
such as carboxyl groups is the reason for the change of the surface charge.

In summary, the C-dots prepared via HTC of starch and Trp are obviously the result of
dehydration reactions of the precursor molecules. This is evident from the increase of the
carbon content and a simultaneous decrease of the oxygen and hydrogen content in
comparison to starch. Furthermore, the doping with nitrogen by adding Trp as precursor
molecule was successful, proven by IR spectroscopy, XPS and elementary analysis. Most
likely, the particles exhibit hydroxyl and carboxyl groups as functional moieties, which are
oxidized residues of the carbon source starch or direct remnants of Trp.
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4.1.3 Spectroscopic Properties of Carbon Dots

The following chapter mainly describes the characterization of the optical properties of the
N-doped C-dots and the effect of the doping with Trp. Furthermore, different influences on
the particles photoluminescence were studied and discussed. All measurements were
performed in agqueous suspensions.

General photoluminescence properties were studied by measuring the absorption,
excitation and emission spectra of N-doped and undoped C-dots in aqueous suspension
at a mass concentration of 1.0 mg/mL, which shows highest fluorescence intensity. The
spectra of the N-doped C-dots are shown in Fig. 4.6a, those of the undoped C-dots in Fig.
4.6b.
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Fig. 4.6: Absorption, excitation and emission spectra of N-doped C-dots (a) and undoped C-dots (b) in
aqueous suspension with mass concentrations of 1.0 mg/mL. Exc./Em. maxima 371/452 nm (a),
351/442 nm (b). The peak at 700 nm in the emission spectrum of undoped C-dots occurs due to second
order light diffraction. Detector sensitivity settings were changed for undoped C-dots, due to their low
quantum yields.

As shown in the spectra of Fig. 4.6a, such a suspension of N-doped C-dots exhibits an
emission maximum at 452 nm, while highest fluorescence intensities may be achieved
with excitation at 371 nm. The emission spectrum is surprisingly broad, covering the whole
visible spectrum (VIS). While highest fluorescence intensities may be found between 400
and 550 nm, fluorescence intensity is weaker at higher wavelengths. An explanation for
this behavior may be, that C-dots consist of different particle species with different optical
properties. As such, the probability for the formation of particles with smaller delocalized
electron systems (short wavelength emission) is more likely than for those with more
expanded electron systems (long wavelength emission). The particles absorb light over
the whole UV/VIS region and absorbance increases exponentially towards shorter
wavelengths. Remarkably, N-doping results in high absorbance values in the region of the
wavelength of the excitation maximum. Undoped C-dots by contrast, do not exhibit this
“shoulder” in their absorption spectrum, as shown in Fig. 4.6b. Accordingly, the doping with
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Trp may be responsible for the formation of highly photoluminescent C-dot species
excitable in the near UV region. The maxima for the excitation and emission of undoped
C-dots were found at 351 nm and 442 nm, respectively. Both values are at shorter
wavelengths than those for N-doped C-dots. This could indicate that the addition of Trp
may lead to the formation of particle species with more expanded delocalized electron
systems of sp>-hybridized carbon atoms. Furthermore, the incorporation of nitrogen may
influence the band gap of the particles towards longer wavelength excitation and emission
(Wang et al. 2015a).

Variation of the Excitation Wavelength

As described for other preparations in literature, the photoluminescence of C-dots is highly
variable in terms of excitability (Li et al. 2012a; Long et al. 2012). The emission spectra of
an aqueous suspension of N-doped C-dots for different excitation wavelengths between
300 and 500 nm in 20 nm steps and the corresponding normalized spectra are shown in
Fig. 4.7.
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Fig. 4.7: Emission spectra of N-doped C-dots in aqueous suspension with a mass concentration of
1.0 mg/mL at 20 °C. Excitation wavelength was varied between 300 and 500 nm in 20 nm steps. a)
Native emission spectra, b) emission spectra normalized to their respective maximum.

As demonstrated in the spectra of Fig. 4.7, the irradiation with wavelengths between 300
and 400 nm leads to excitation of particle species with 450 nm as emission maximum.
Highest intensities are reached for an excitation at 360 nm, which decreases for shorter
and longer wavelengths. The corresponding normalized spectra in Fig. 4.7b are highly
congruent, confirming that emission occurs from the same photoluminescent species. At
higher excitation wavelength, emission maxima are increasingly red shifted with increasing
excitation wavelength but fluorescence intensity decreases further. Convergence of the
normalized spectra was found a second time for excitation with 440 and 460 nm and an
emission maximum at 487 nm. These observations could further indicate that the N-doped
C-dots may consist of different photoluminescent species with distinct groups among them
dominating the optical properties of the particle mixture. This would be in great accordance
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to recent reports in literature that C-dots are supposed to be a “fluorescent cocktail of
polycyclic aromatic hydrocarbons” (Fu et al. 2015). Furthermore, the data shows that the
particles are highly variable in the wavelength of the photo excitation which is the base for
multicolor imaging using different lasers in CLSM.

Quantum Yield

In order to quantify the brightness of the photoluminescence of the N-doped C-dots and to
qualify the effect of the doping with Trp the quantum yield (QY) of both types of C-dots was
determined. Therefore, the emission spectra of aqueous suspensions of C-dots with
absorbance values below 0.1 at their respective excitation maximum were recorded and
the integrated spectra were plotted against the corresponding absorbance. Quinine sulfate
in 0.1 M H,SO4 was chosen as reference standard (QY = 54%) and the slopes of the linear
fits for the plotting of the C-dots were compared against the one for quinine sulfate. The
results for the QY determination are shown in Table 4.3.

Table 4.3: Quantum yields of undoped and N-doped C-dots determined via the “slope method” and

quinine sulfate as reference standard. Values for N-doped C-dots originate from determinations of five
different batches.

C-dots Qy
Undoped 0.6 £0.5%
N-doped 25.1*2%

Obviously, the doping with nitrogen via addition of Trp to the HTC process leads to drastic
increases in the QY of the particles. Thereby, the brightness of the N-doped C-dots
exceeds the value of the undoped versions about thirty times. This is in accordance with
reports from literature for higher QY for the C-dot doping with Trp (Simoes et al. 2014). As
discussed before, the reason for this behavior are most likely changes in the band gap of
the particles through the addition of nitrogen and furthermore the incorporation of Trp,
resulting in larger delocalized electron systems able to show photoluminescence in the
VIS. N-doped C-dots are therefore considered superior in the application for bioanalytical
assays and multicolor imaging.
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Photoluminescence Lifetime

Photoluminescence lifetime of the N-doped C-dots was investigated to unveil the nature
of the particles light emission and to clarify the possible presence of different C-dot species
in suspension. In Fig. 4.8 a typical decay curve of the photoluminescence of 0.5 mg/mL
N-doped C-dots in aqueous suspension is shown.
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Fig. 4.8: Fluorescence lifetime measurement of N-doped C-dots in aqueous suspension with mass
concentration of 0.5 mg/mL. The data was fitted via an exponential decay with the following formula:
y=A;- ™ +A,- e +y,, resulting in t; = 0.97 + 0.01 ns and t, = 14.91 + 0.10 ns, R® = 0.9954.

The exponential decay fit shown in Fig. 4.8 required at least two different decay times in
order to fit the obtained lifetime data properly. Obviously the system is characterized by a
short-term emission with a lifetime of 0.97 + 0.01 ns and a long-term emission of
14.91 £ 0.10 ns. The length of the lifetimes suggests that the nature of the particles
photoluminescence is fluorescence, which typically ranges between 0.5 and 20 ns
(Lakowicz 2006). Single fluorescent species typically do only show one decay time. As
such, the necessity of two different decay times for the fitting of the lifetime data may be a
hint towards several luminescent species in suspension.

Optical Properties in Dependency to Carbon Dot Concentration

In the following, the effect of the increase of the N-doped C-dot mass concentration on the
fluorescence of the aqueous suspensions in PBS was studied. Therefore, two dimensional
fluorescence plots were generated for particle suspensions with concentrations of 1, 5, 15
and 25 mg/mL in order to identify changes in their photo excitability and light emission
behavior. With those plots, species which dominate the optical properties of the respective
suspension are easily identified. The corresponding normalized fluorescence plots are
shown in Fig. 4.9.

77



Characterization of the Carbon Nanomaterials

650

- I0.98
600 1-*%0.90
| “Fo0.80
_.0.70
|| 060

0.50

550

500

0.40
E I0,3O
F0.20

/ nm

450

exc.

400

350

300
300 400 500 600 700 300 400 500 600 700

A /nm
em.
d) - 0.98
e 600 0.95

4 177085
0.75

550 | 9

0.55

650 T

C) - #o.08
600 0.90

1= 0.80

0.70
550 io.so
0.50

500 - . 500

£ 0.40 £ 0.45
= 'lo.so 1 = ]o,ss
450 ¥ 75 s s 450 M, 5
) 3
< 3 < 3
400 | . 400 | i
350 350
300 300 -
300 400 500 600 700 300 400 500 600 700
M, / nm A / nm

Fig. 4.9: Two dimensional fluorescence plots of N-doped C-dot suspensions in PBS with increasing
mass concentrations at 20 °C. Each plot was normalized to the respective intensity maximum and the
color code for the fluorescence intensity was adapted for each plot in relation to its maximum. The
following N-doped C-dot suspensions were analyzed: 1 mg/mL (a), 5 mg/mL (b), 15 mg/mL (c),
25 mg/mL (d). High intensity diagonals in each plot occur due to stray light, where exc. and em.
wavelength are equal.

Fluorescence intensity decreases in general with the increase of the particle concentration.
In order to analyze the fluorescence qualitatively, the plots were normalized to their
respective maximum. As shown in Fig. 4.9a, N-doped C-dot suspensions with a
concentration of 1 mg/mL exhibit highest fluorescence intensities with excitation between
300 and 400 nm, while the emitted light has a wavelength between 400 and 600 nm.
Highest fluorescence intensities may be achieved with exc./em. at 370/452 nm. Increasing
the concentration to 5 mg/mL drastically changes these conditions, shown in Fig. 4.9b
Thereupon, three different intensity peaks occur in the two dimensional plot with the
highest peak at exc./em. 395/476 nm. The two further fluorescence centers are at exc./em.
445/516 nm and 455/582 nm, respectively. Highest excitability is red shifted in general
ranges between 350 and 500 nm, while emission occurs between 400 and 650 nm. Both,
excitation and emission behavior are shifted towards longer wavelengths with the increase
of the particle concentration. At 15 mg/mL, (Fig. 4.9c) the short wavelength excitable

center seen in Fig. 4.9b does not occur anymore in the plot, while the maximum is here at
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exc./em. 470/532 nm. The long wavelength excitable center at exc./em. 485/590 nm
becomes more prominent at this concentration. Highest luminescence intensities may be
recorded at excitation between 400 and 550 nm, while emission occurs between 450 to
650 nm. Again higher excitation and emission wavelengths yield higher fluorescence
intensities with increasing particle concentration. At 25 mg/mL (Fig. 4.9d) the maximum
fluorescence intensity comes from the long wavelength fluorescence center at exc./em.
500/592 nm, while the short wavelength component at exc./em. 485/544nm is almost at
the same intensity level. Highest intensities are provided here with excitation between 425
and 600 nm, while emission occurs here at 500 to 700 nm.

Over all plots, a trend is evident that longer wavelength excitation and emission provides
stronger fluorescence with increasing N-doped C-dots concentration of the suspensions.
In general, three main fluorescence centers with emission in the blue, green and orange
spectral region of the VIS were identified. An overview of these emission centers is given
in Table 4.4.

Table 4.4: The peak maxima of the two dimensional fluorescence plots of Fig. 4.9. are categorized to
the colors blue/green/orange.

Emission Exc./Em. /nm Plot from Fig. 14
Blue 370/452, 395/476 a,b
Green 445/516, 470/532, 485/544 b,c,d
Orange 455/582, 485/590, 500/592 b,c,d

The observation of distinct maxima in the plots with emission in the blue, green and orange
may be attributed to different species in the N-doped C-dot suspensions. However,
excitation and emission maxima of these species are concentration-dependent and are
shifted towards longer wavelengths with increase of the concentration of the particle
suspensions. This observation might be due to distinct species with different optical
properties in the particle suspension.

For further clarification concerning the concentration dependency of the optical properties
of the N-doped C-dots, absorption spectra of differently concentrated particle suspension
were recorded. The spectra of these aqueous suspensions with concentrations of 1, 5, 10,
15 and 25 mg/mL are shown in Fig. 4.10.
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Fig. 4.10: Absorption spectra of N-doped C-dots in aqueous suspensions with varying mass
concentrations.

As described before, absorption increases exponentially towards shorter wavelengths for
N-doped C-dots. This effect amplifies drastically for higher concentrations, as shown in
Fig. 4.10. The higher the particle concentration of the suspension the more reaches the
absorption band towards longer wavelengths. According to this observation it may be
suggested that at high concentrations short wavelength light is reabsorbed by the particles
themselves and only the long wavelength light is detected. Furthermore, longer
wavelength light would be necessary to excite a maximum amount of fluorescent species
as light penetration is decreased for highly absorbing suspensions. This would be in
accordance with the shift of the fluorescence excitation and emission maxima towards
longer wavelengths for higher concentrated suspensions, described before.

Carbon Dot Fluorescence at Different Concentrations upon Excitation at the Wavelengths
of the CLSM Lasers

Multicolor imaging experiments were performed via CLSM with three distinct laser
wavelengths of 405, 488 and 543 nm. As such, the emission behavior of the particles in
dependency to their concentration was studied at these wavelengths. Therefore, the
emission spectra of aqueous suspensions of N-doped C-dots between 0.1 and 25 mg/mL
were analyzed for their respective emission maximum. The fluorescence intensity and the
wavelength of the emission maximum of each spectrum were plotted against the N-doped
C-dot concentration in order to study possible changes of the optical properties. The
respective fluorescence emission spectra and the C-dot concentration plots are shown in
Fig. 4.11.
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Fig. 4.11: a-c) Emission spectra of aqueous suspensions of N-doped C-dots with concentrations of 0.1,
0.2,04,0.6,08,1,15,2,3,4,5,6,8, 10, 12, 14, 16, 18, 20, 22.5, 25 mg/mL, color-coded from violet
to red. Excitation wavelengths: 405 nm (a), 488 nm (b), 543 nm (c). d) Plot of the fluorescence intensity
the three different excitation

wavelengths. e) Plotting of the emission wavelength of each spectrum’s maximum against the particle

of each spectrum’s maximum against the particle concentration at

concentration at the three different excitation wavelengths.
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Obviously, fluorescence emission of the N-doped C-dots behaves very differently at the
three excitation wavelengths with variation of the concentration of the particles. A
superficial view on the spectra with excitation at 405 and 488 nm reveals second peaks or
shoulders. Thus, irradiation with 405 nm light leads to excitation of the blue and green
species. At 488 nm the green and orange species are excited, while 543 nm only excites
the orange one. The main information of the emission spectra from Fig. 4.11a-c was
extracted by plotting intensity (Fig. 4.11d) and wavelength (Fig. 4.11e) of the emission
maxima against the particle concentration.

In the graphs of Fig. 4.11d it is shown that the excitation with 405 nm leads to a drastic
increase of the fluorescence intensity with a maximum at 2 mg/mL. Further increase of the
mass concentration results in an exponential decrease of the emission intensity. This effect
may be attributed to self-quenching of the particles and reabsorption effects, as discussed
before. For the excitation at 488 nm the emission intensity rises continuously with the
increase of the mass concentration and reaches its maximum at 16 mg/mL. The plotted
data follow the shape of a saturation curve in this case. Further increase of the particle
concentration results in slightly lower fluorescence intensities. Interestingly, the excitation
at 488 nm is stronger in terms of emission intensity compared to the excitation at 405 nm
for higher concentrations. This effect is reflected in the observation of higher intensities for
the 488 nm excitation at multicolor imaging experiments. Particle enrichments in the cells
may cause this effect, which will be discussed in detail in chapter 6.1. The excitation with
543 nm generally leads to a linear rise of fluorescence intensity for concentrations above
1.0 mg/mL. Intensity of the emitted light is only stronger compared to the excitation at 405
nm at the highest concentration of 25 mg/mL.

The plotting of the wavelength of the emission maxima in Fig. 4.11e shows a shift of the
emission wavelength for an excitation at 405 nm from 455 nm at the lowest concentration
to 517 nm at the highest concentration. As such, emitted light changes from blue to green
with the increase of the particle concentration. For the excitation with 488 nm the red shift
is weaker starting from 505 nm at low concentrations to 543 nm at the highest one. With
excitation at 543 nm the particles show emission at about 680 nm, however higher
concentrations all show emission at about 600 nm.

Considering the optical changes caused by an increase of the N-doped C-dot
concentration two explanations may be possible for this behavior. At first, reabsorption of
emitted light, as discussed before, may result in longer wavelengths when the
concentration of the particles increases. Secondly, if the suspensions are mixtures of
different photoluminescent species, these could have different optical and (self-)quenching
properties, as reported in the literature (Vinci et al. 2013; Fu et al. 2015).

82



Characterization of the Carbon Nanomaterials
Apart from that, the changes of the optical properties due to particle concentration may be

used to unveil C-dot distribution and agglomerations in multicolor imaging via CLSM inside
living cells.

Influence of Metal lons on Carbon Dot Photoluminescence

As shown in chapter 4.1.2, N-doped C-dots are highly functionalized with hydroxyl,
carboxyl and nitrogen-containing groups. These groups are well known to interact with
metal ions and accordingly the particles possibly also interact with these. Consequently,
possible bindings of certain metal ions and potential changes on the photoluminescence
of the particles were studied. Therefore, 0.5 mg/mL aqueous suspensions of N-doped
C-dots were incubated with metal ions in a concentration of 10 mM. The fluorescence
intensities at exc./em. 370/450 nm were normalized with respect to particle suspensions
without metals and plotted as bars in Fig. 4.12 for every metal ion type.
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Fig. 4.12: Normalized fluorescence intensities of 0.5 mg/mL aqueous N-doped C-dot suspensions
incubated with 10 mM of the corresponding metal ions. Normalization was performed against a particle

suspension without metals denoted as “control”. The data originates from single measurements.
Exc./Em.: 370/450 nm at 20 °C.

Decreases in the photoluminescence of the N-doped C-dots were found for several matel
ions (Cu?*, Ni**, Hg®*, Fe?*, Fe*" and Cr*"), as indicated in Fig. 4.12. However, among
these only the incubation with Fe* ions led to drastic fluorescence quenching below 5%
of the value of the control suspensions. As such, it is assumed that N-doped C-dots show
high affinity for Fe** ions and that the formation of the metal-particle complex abolishes
the emission abilty of the particles. These data fit very well to observations of
photoluminsecence quenching by Fe* for other C-dot preprations described in literature
(Qu et al. 2013; Zhu et al. 2013b).
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In order to quantify the interaction of the N-doped C-dots with the metal ion in more detail,
particle suspensions with mass concentration of 0.5 mg/mL were incubated with Fe* in
increasing concentrations. The emission spectra with excitation at 370 nm were recorded
and analyzed, as indicated in Fig. 4.13.
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Fig. 4.13: a) Emission spectra of N-doped C-dots in aqueous suspension (0.5 mg/mL) incubated with
Fe* in concentrations of 100, 50, 10, 5, 1, 0.5, 0.1, 0.05 0.01, 0.005 and 0.001 mM. Concentration
increases with the direction of the arrow. Excitation at 370 nm. b) Plot of the fluorescence intensity at
the emission maximum against the Fe®* concentration. Fitting of the data was performed with logistic
function y=A,+(As-Az)/(1+(x/X0) p), R*= 0.9877.

The spectra in Fig. 4.13a show a decrease of the photoluminescence intensity with
. . 3+ . . . . .
increasing Fe™ concentration. The corresponding plot of fluorescence intensity against
metal ion concentration and its convergent fit in Fig. 4.13b are in agreement with the law
of mass action. Accordingly, it seems obvious that quenching of the particles
photoluminescence comes hand and in hand with the binding to the metal ions. Most likely
the type of quenching is static, through permanent interaction of the N-doped C-dots with
Fe* . The fit of the dose-response data provided a linear detection region between 0.15

and 7.3 mM Fe*".
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4.2 Characterization of Graphene Quantum Dots

Graphene Quantum Dots prepared from GO and ammonia were characterized in terms of

size distribution, composition and optical properties in order to clearly differentiate this
material from C-dots.

Investigations on the Graphene Quantum Dot Size Distribution

Size distribution of the GQDs was determined in suspension by measuring the
hydrodynamic diameter of the particles via DLS. Typical results for the DLS analysis of the
particles in PBS are shown in Fig. 4.14.

hdi | LE S S ! L S RS S
Number
30 - Volume 7
Intensity |
X
o 20F -
©
o
10 + .
0
saaaal so1o sl " 1aaaal MR T
1 10 100 1000

dH/nm

Fig. 4.14: Hydrodynamic diameter distributions plotted as a function of number, volume and DLS
intensity of GQDs in PBS (0.1 mg/mL) prepared from GO and ammonia.

The DLS analysis of the GQDs yielded hydrodynamic diameter distributions between 28
and 255 nm. Thereby, the averages + standard deviation of the distributions are 46 + 15 nm
(number), 72 £ 43 nm (volume) and 102 £ 47 nm (intensity). The top-down prepared GQDs
exhibit a much larger hydrodynamic diameter than the hydrodynamic diameters
determined for the bottom-up prepared C-dots. Obviously, this preparation results in larger
carbonaceous nanostructures. Additionally, the resulting DLS distributions are very broad.
This may be attributed to larger remnants of GO which are still part of the suspension after
the filtration process.

More thorough investigations on the size distributions of the GQDs were performed via
AFM, as this technique furthermore allows examining the particles’ morphologies.
Micrographs of GQDs recorded via AFM and analyzed on the particles width and height
are shown in Fig. 4.15.
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Fig. 4.15: a-b) AFM micrographs of GQDs on mica substrate. Magnification increasing from picture a)
to b). ¢) Particle width distribution of GQDs measured over 205 particles, yielding an average of 12.9+ 6
nm. The dashed line represents a normal distribution after least square optimization. d) Particle height
distribution of GQDs measured over 205 particles, yielding an average of 1.2 + 0.5 nm.

The AFM micrographs in Fig. 4.15a,b show non-uniform flake-like nanostructures in
different extensions. These mostly have a much larger lateral extension than their actual
height. Furthermore, it seems that several aggregates or larger fragments, possibly from
GO, remain in the particle suspension. Analysis of the width of the GQDs shows that most
of the particles are in a size range between 5 and 25 nm with an average of 12.9 + 6 nm.
The height of most particles is between 0.5 and 1.5 nm with an average of 1.2 + 0.5 nm.
As such, most GQDs consist of two to six graphene layers, assuming a graphitic structure
of the particles with an approximate distance of 0.25 nm between the layers (Ohta et al.
2006).

In summary, the top-down preparation of GQDs from GO and ammonia results in much
larger carbonaceous nanostructures than the bottom-up fabricated C-dots. While C-dots
may be seen as almost spherical, GQDs exhibit the flake-like structure of its precursor
material GO, but in smaller extension. Furthermore, the size distribution of C-dots may be
described as much more homogenous, with peak width between 0.5 and 4.5 nm, while the
flake-like GQDs reach sizes between 5 and 40 nm. These differences have to be
considered comparing both materials.
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Composition of the Graphene Quantum Dots

Since elementary analysis of the GQDs could not be performed due to low amount of
particles obtained per batch, composition was analyzed via EDX. Thereby, the particles
were found to be highly oxidized with mass ratios of carbon and oxygen at similar levels.

Furthermore, Raman spectroscopy, as standard analysis method for graphene and its
derivatives, was performed in order to study structural differences between the starting
material GO, hydrothermally treated GO and GQDs prepared from GO and ammonia. The
corresponding Raman spectra are shown in Fig. 4.16.
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Fig. 4.16: Raman spectra of drop casted GO, hydrothermally treated GO and GQDs prepared from GO
and ammonia. All spectra were normalized to the graphene peak at 1600 cm™. The spectrum of the
GQDs was plotted as dotted line due to strong fluorescence noise.

Graphene oxide prepared via Hummers method has its characteristic graphene (G) peak
at 1600 cm™ and a defect (D) peak at 1356 cm™. The ratio between D and G peak gives
information about the defectiveness of the material and deviations from a completely sp*
hybridized carbon atom layer. The hydrothermally treated GO shows an increase of the
D/G-peak ratio to 1.5 which means the material gets even more defective. A possible
explanation is an oxidative cutting of the GO flakes, resulting in highly oxygen
functionalized flake edges and further disruption of the delocalized electron system.
N-doped GQDs via hydrothermal treatment of GO with ammonia cannot be analyzed via
Raman spectroscopy as signal generation was disturbed by fluorescence as shown in the
spectra above. However, GQDs are likely to be rather similar in their defectiveness to
hydrothermal treated GO due to cutting of the flakes and edge destruction. Further analysis
on the functionalization, such as via IR, were not performed since the accessible amount
of GQDs was insufficient.

Spectroscopic Properties of Graphene Quantum Dots

Quantum yield of the GQDs was determined, similar to the method for C-dots and resulted
in 1.9 £ 0.3%, which is significantly lower as the 25.1 + 2% of the N-doped C-dots. Thus,
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the formation of emissive sites and species is much more efficient in the bottom-up
preparation of C-dots compared to the defect introduction in the top-down preparation of
GQDs.

General optical properties were studied by measuring the absorption, excitation and
emission spectra of GQDs in aqueous suspension at a mass concentration of 0.1 mg/mL.
The corresponding spectra of the GQDs prepared from GO and ammonia are shown in
Fig. 4.17.
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Fig. 4.17: Absorption, excitation and emission spectra of GQDs in aqueous suspension with mass
concentrations of 0.1 mg/mL. Exc./em. maxima at 322/424 nm.

The GQDs show absorption over the whole UV/VIS region. Absorbance increases
exponentially towards shorter wavelengths. No significant absorption “shoulder” appears
in the spectrum. Highest fluorescence intensities are achieved with excitation at 322 nm
and emission maximum is at 424 nm. Furthermore, the emission spectrum does not show
secondary peaks or “shoulders” which would indicate the excitation of other species for
example, as it was the case for C-dots. Compared to the N-doped C-dots excitation and
emission wavelength are at shorter wavelengths. Since GQDs are much bigger in size,
their photoluminescence has to originate from delocalized electron islands surrounded by
defects on the flakes.

Variation of the Excitation Wavelength

Similarly to the N-doped C-dots, the luminescence at different excitation wavelengths for
GQDs was investigated. Therefore, the emission spectra of an aqueous suspension of
GQDs (0.1 mg/mL) were recorded as a function of the excitation wavelength between 300
and 500 nm in 20 nm steps. The native emission spectra and the corresponding
normalized versions are shown in Fig. 4.18.
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Fig. 4.18: Emission spectra of GQDs in aqueous suspension with a mass concentration of 0.1 mg/mL.
Excitation wavelength was varied between 300 and 500 nm in 20 nm steps. a) Native emission spectra,
b) emission spectra normalized to their respective maximum.

The variation of the excitation wavelength showed highest fluorescence intensities in the
near UV region from 300 to 340 nm. However, significant emission intensities are also
recorded with excitation up to 500 nm. Remarkably, the maxima of the emission spectra
are shifted towards longer wavelengths for every increase of the excitation wavelength.
This becomes particularly obvious from the normalized emission spectra in Fig. 4.18b. A
linear correlation between excitation and emission wavelength is indicated. Furthermore,
there is no overlap of the normalized spectra, which means these GQDs do not contain
dominating species which are individually excited at different wavelengths. This is in
contrast to the observation for N-doped C-dots, which seem to have distinct emissive
species excited by various wavelengths.

Considering the collected facts about GQDs prepared from GO and ammonia, these
particles are highly deviating from N-doped C-dots. At first GQDs are much bigger in size
with a flake-like structure, while C-dots are spherical with both particle types having similar
heights. This can mostly be referred to the two different precursor materials and the
different preparation strategies, respectively: top-down vs. bottom-up. While chemical
composition is not fully resolved, both materials seem to be highly oxidized carbon
nanostructures. Furthermore, both materials show photoluminescence independent from
excitation wavelength. While the wavelength of the emitted light of GQDs is directly
correlated to excitation wavelength, N-doped C-dots emission seems to be dominated by
a few species. Additionally, the C-dots emission maximum is at higher wavelengths with
much higher quantum yields of more than a factor of ten. According to this, the N-doped
C-dots seem to be more suitable for bioanalytical and imaging applications due to higher
sensitivity at irradiation in the VIS.
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4.3 Characterization of the Modified and Embedded
Carbon Dots

Characterization of Oleic Acid modified Carbon Dots

The OAM C-dots were characterized by analysis of hydrodynamic diameter distributions
via DLS. These are shown in Fig. 4.19 for the liquid oleic acid particle conjugates in
chloroform with a concentration of 0.2% (v/v).
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Fig. 4.19: Hydrodynamic diameter distributions of OAM C-dots in chloroform (0.2% v/v) expressed as
number, volume or DLS intensity at T = 25 °C.

The DLS analysis of the OAM C-dots resulted in distributions at the expected diameter
ranges, mostly between 4.5 and 9.6 nm. The average values + standard deviation were at
5.9 £ 1.1 nm (number), 6.5 £ 1.5 nm (volume) and 7.6 £ 1.8 nm (intensity). Comparing
these values with those of unmodified N-doped C-dots, the modification yielded an
increase of the hydrodynamic diameter. Although both measurements were performed in
different solvents (due to changed dispersibility), these results may indicate a successful
modification with the long-chained fatty acids, resulting in larger particle diameters.

Photoluminescence was investigated by analyzing the emission spectra of OAM C-dots at
different excitation wavelengths. Therefore, the emission spectra of the particles in
choloroform (0.2% v/v) were recorded with variation of the excitation wavelength between
300 and 500 nm in 20 nm steps. The native emission spectra and the corresponding
normalized versions are shown in Fig. 4.20.
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Fig. 4.20: Emission spectra of OAM C-dots in chloroform (0.2% v/v). Excitation wavelength was varied
between 300 and 500 nm in 20 nm steps. T = 25 °C. a) Native emission spectra, b) emission spectra
normalized to their respective maximum.

Comparing the emission spectra of the OAM C-dots with those of the water-dispersible
unmodified species shown in Fig. 4.7, significant deviations can be found. At first, variation
of the excitation wavelength directly leads to a shift of the emission spectra maxima for
OAM C-dots, while unmodified N-doped C-dots had several major emitting species.
Furthermore, the emission spectra of OAM C-dots for excitations with wavelengths higher
than 400 nm exhibit a more intense second emission maximum at about 590 nm becoming
more dominant at higher excitation wavelengths, clearly present in the normalized spectra
of Fig. 4.20b. As such, these particles are expected to emit longer wavelength light than
unmodified versions at similar excitation using 405/488 nm laser sources during CLSM
imaging experiments. Thereby, it has to be mentioned that this effect may be based on
solvatochromism, as OAM C-dots were dispersed in chloroform due to their limited
dispersibility in water. Other possibilities are that the modification process favors the long
wavelength emitting species, leading to domination of these species in the OAM C-dot
suspension or that the modification on the surface of the particles leads to this
phenomenon.

Agarose Nanoparticles doped with Carbon Dots

The agarose nanoparticles doped with C-dots were characterized for their hydrodynamic
diameter via DLS. Since the nanoparticles consist of agarose hydrogel, they would shrink
or swell with varying osmolyte concentrations bringing the fluorescence particles closer
together or further apart. As such, the influences of osmolality changes of the surrounding
medium on the particles photoluminescence properties were studied.

In Fig. 4.21 DLS distributions for a typical agarose nanoparticle (with incorporated C-dots)
suspension in PBS are shown. Additionally, the particles were dried on a gold surface
analyzed via scanning electron microscopy (SEM) in order to confirm the obtained DLS
data.

91



Characterization of the Carbon Nanomaterials

a T T T —T T T b)
)40 L Number .
Volume
Intensity
° 30 =
>~
~
Q
w20 -
(14
10 =
0 l A%
s ol T IR RU407141M22 #13 2 X
3 = 4 » ~ i
1 10 100 1000 FAR /WM S 50kV  X30,000 100nm WD 10.9mm
d,/nm

Fig. 4.21: a) Hydrodynamic diameter distributions of agarose nanoparticles doped with N-doped C-dots
in PBS expressed as number, volume and DLS intensity. b) SEM micrograph of dried agarose
nanoparticles doped with N-doped C-dots on a gold surface. The scale bar is indicated in the black bar
at the bottom of the micrograph.

The hydrodynamic diameter distributions of the agarose nanoparticles in Fig. 4.21a show
averages of 167 £ 15 nm (number), 167 £ 21 nm (volume) and 169 £ 11 nm (intensity) with
standard deviation as error. In addition to DLS, SEM micrographs of dried particles were
recorded. In Fig. 4.21b, the particles may be seen as granular structure in the SEM
micrograph. These structures are about 50 to 100 nm in size. Since the particles consist
of a hydrogel and were dried for the SEM micrographs, these structures have to be
significantly smaller than the hydrodynamic diameter. As such, a hydrodynamic diameter
of about 167 nm may be realistic for the agarose nanoparticles.

The feature of the agarose hydrogel to swell and shrink depending on the osmolarity of
the surrounding medium was used to investigate whether this affects the
photoluminescence of the incorporated C-dots by expanding or reducing the distance
between them. Since the N-doped C-dots showed changes of their optical properties with
increasing concentration, possible effects on the emission of the incorporated N-doped
C-dots were addressed.

For these studies, aqueous suspensions of agarose nanoparticles with incorporated
N-doped C-dots were incubated with sucrose and sodium chloride as osmolytes in varying
concentrations. After 2 h of incubation time, the suspensions were analyzed for their
fluorescence intensities with exc./em at 370/450 nm. Additionally, bare N-doped C-dot
suspensions served as control to clearly assign the changes in the photoluminescence to
the shrinking of the agarose hydrogel matrix. The results of this study are shown in Fig.
4.22.
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Fig. 4.22: Normalized fluorescence intensity plots of N-doped C-dots (a,c), or agarose nanoparticles
doped with the N-doped C-dots (b,d), after incubation with different osmolytes, exc./em.: 370/450 nm.
a) 0.5 mg/mL N-doped C-dots in aqueous suspension incubated with sucrose in increasing
concentrations. b) Aqueous suspension of doped agarose nanoparticles (126 ug/mL) incubated with
sucrose in increasing concentrations. Linear fit as red line: Slope: 0.126 + 0.028 M, R* = 0.8296.
c) 0.05 mg/mL N-doped C-dots in aqueous suspension incubated with sodium chloride in increasing
concentrations. d) Aqueous suspension of doped agarose nanoparticles (313 pg/mL) incubated with
sodium chloride in increasing concentrations. Boltzmann fit as red line: Half maximum: 0.48 + 0.73 M,
R® = 0.8992.

The incubations of the bare C-dots with the osmolytes, shown in Fig. 4.22a (sucrose) and
c (sodium chloride) did not show a distinct trend of the fluorescence intensity with
increasing osmolyte concentration. Thereby, the intensities fluctuate approximately 5%
relative to the base value at the different concentrations. The incubation of the agarose
nanoparticles with sucrose in concentrations up to 1 M, led to a more or less linear increase
of the fluorescence intensity with a maximum increase of 13%. This behavior is clearly in
contrast to the observations for the bare C-dots. Incubation with sodium chloride was
performed with concentrations up to 2 M. In doing so, fluorescence intensity increases by
a maximum of 20% for the highest concentration. Plotting the intensity against the sodium
chloride concentration shows the shape of saturation curve. In concentration regions up to
1 M, a linear increase of the fluorescence intensity is observed, similar to the incubation

with sucrose, with a maximum intensity increase of about 15%.
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The study on changes in the photoluminescence of the C-dot doped agarose nanoparticles
at different osmolyte concentrations was performed just once. As such, this study does not
claim to give statistical or quantitative information about the determination of osmolyte
concentrations using agrose nanoparticles doped with C-dots. However, it was shown that
the principle of a shrinking agarose hydrogel with incorporated C-dots significantly
changes the particles photoluminescence properties and that these may be used for
applications in this context.

Liposomes with encapsulated Carbon Dots

The following chapter describes the characterization of two different kind of liposomes
doped with C-dots. One sample was doped with low concentrations and another one with
high concentrations of C-dots during the preparation process, as described in
chapter 3.2.3.
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Fig. 4.23: Hydrodynamic diameter distributions of liposomes doped with N-doped C-dots as recorded
by DLS. The liposomes were doped with C-dots in low (a) and high concentration (b) during the
preparation process. The suspensions were measured in HEPES buffer and the distributions are
expressed as number, volume and DLS intensity.

The DLS analysis of the liposomes with low concentrations of N-doped C-dots, shown in
Fig. 4.23a, yielded hydrodynamic diameter distributions between 116 and 213 nm. The
average values of the distributions + standard deviation are 155 + 22 nm (number),
163 £ 23 nm (volume) and 164 + 20 nm (intensity). The measurement of the liposomes
with the high C-dot concentration, shown in Fig. 4.23b, yielded hydrodynamic diameter
distributions between 117 and 301 nm. Averages * standard deviation of the distributions
were determined to be 179 + 42 nm (number), 209 + 48 nm (volume) and 205 + 43 nm
(intensity). Comparing the results for both liposome preparations, these are roughly in
similar size with different concentrations of encapsulated C-dots as main discrimination.

Among others, encapsulation of the N-doped C-dots inside the liposomes was performed
to utilize the photoluminescence quenching of the particles close to each other.
Undergoing shrinking or swelling of the liposomes, the optical properties of the C-dots
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within were expected to be influenced by changes of the osmolarity of the surrounding
medium, very similar to the behavior of doped agarose nanoparticles shown before. In a
first experiment, liposomes prepared with high concentrations of C-dots were lysed using
20 mM sodium dodecyl sulfate (SDS). In cross-selectivity studies, it was shown that 20
mM SDS do not influence the C-dots photoluminescence. Through lysis of the liposomes
the encapsulated C-dots are liberated and quenching of the photoluminescence reversed.
In Fig. 4.24, the emission spectra of the two types of liposomes in aqueous suspension
before and after lysis are shown with excitation at 370 nm.
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Fig. 4.24: Emission spectra of liposomes with low concentrated (a) and highly concentrated (b)
encapsulated N-doped C-dots. Total phospholipid concentration of the liposomes: 0.23 mM (a) and
0.15 mM (b) in HEPES buffer before and after lysis with 20 mM SDS. Exc.: 370 nm, T = 25 °C.

As shown in the emission spectra of Fig. 4.24, lysis of both types of liposomes led to
increasing fluorescence intensities. While the intensity of the liposomes with low
concentration of encapsulated C-dots increased app. 72% at the emission maximum,
those with the high concentrations of C-dots increased by 263%. On the one hand, these
results indicate that the encapsulation of the C-dots inside the liposomes did quench their
photoluminescence. On the other hand, the greater increase of the fluorescence intensity
of the liposomes with higher content of C-dots is attributable to the release of a larger
amount of particles into the buffer solution. C-dots were entrapped inside liposomes in
different concentrations, by different preparation methods. The particles exhibit self-
quenching when entrapped in sufficient high concentrations. This effect can be reversed
be releasing the C-dots through lysis of the liposomes and is well known for organic dyes
entrapped in liposomes (Edwards et al. 2006). Silica nanoparticles and inorganic Q-dots
do not show this reversible fluorescence quenching effect upon release from liposomes
(Chen et al. 2006). As such, C-dots behave like organic dyes, forming non-fluorescent
aggregates upon static quenching, collisional quenching, and energy transfer from
monomers to non-fluorescent dimers (Chen et al. 1988).
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In summary, the N-doped C-dots were successfully incorporated into other nanostructures,
such as agarose nanoparticles or liposomes. Thereby, the particles photoluminescence
properties may be influenced by shrinking of the matrix they are incorporated in due to
osmolarity increase, as shown for agarose nanoparticles. The photoluminescence
increase resulting from C-dot release from the liposomes is lateron used as model for the
intracellular release from endosomes, as described in chapter 7.2.
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5 Interaction of Carbon Dots with Mammalian
Cells

The following chapter describes studies addressing the influence of N-doped C-dots on
the physiology of NRK cells and how these affect cell adhesion, proliferation and migration.
Furthermore, studies on the uptake mechanism of the particles, their location inside cells
and translocation through cell monolayer were performed. For most of the investigations,
NRK cells were chosen since these form flat homogeneous monolayers and are well
characterized for studies via ECIS. All studies were performed with N-doped C-dots which
are denoted as C-dots in the following chapters for simplification.

5.1 Cytotoxicity Profile in Normal Rat Kidney Cells

Cytotoxicity of the C-dots in contact to confluent NRK cells was evaluated via PrestoBlue®
assay. Therefore, an incubation time of 24 h was chosen with increasing C-dot
concentrations between 0.1 and 4.0 mg/mL in full medium or serum-free medium,
respectively. As such, influences on the cytotoxicity of C-dots in the presence and absence
of FCS were studied. After incubation, the PrestoBlue® solutions above the cells were
analyzed via fluorescence read-out (exc.: 544 nm, em.: 590 nm). Non-incubated cells
served as negative control, while Triton X-100 (0.5% (v/v)) lysed cells were used as
positive control. Cytotoxicity indices were calculated assigning the fluorescence intensities
of the controls to 0 (negative) and 1 (positive). The resulting cytotoxicity indices plotted
against C-dot concentration are shown in Fig. 5.1.
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Fig. 5.1: Cytotoxicity evaluations via PrestoBlue® assay. Cytotoxicity indices plotted against C-dot
concentration for the incubation of NRK cells in full medium (a) and serum-free medium (b) for 24 h.
Fitting of the data via Boltzmann equation y=A,-(As-Az)/(1+e%*,"™) shown as red line. n = 6.

a) ECso = 1.09 + 0.06 mg/mL, R* = 0.9968. b) ECs = 1.14 + 0.05 mg/mL, R® = 0.9915.
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Both cytotoxicity studies via PrestoBlue® show relatively sharp changes of cell viability
with increasing C-dot concentration for the 24 h incubation. Thereby, a “critical mass
concentration” of about 1.1 mg/mL was evaluated for both conditions, via fitting of the data,
as shown in Fig. 5.1. This also represents the ECs value for the particles at the same time.
In long-term incubations with C-dot concentrations below this value the majority of the NRK
cells are also unaffected. By contrast, higher mass concentrations than 1.1 mg/mL in
incubations for 24 h or longer are meant to seriously act cytotoxic and induce cell death.
Comparable ECsp values were described in literature for N-doped C-dots from glycerol with
0.4 mg/mL in contact to Hep-G2 cells (Liu et al. 2011a) or C-dot preparations from ginger
with 1.4 mg/mL in contact to MDA-MB-231 cells (Li et al. 2014a).

The presence and absence of FCS did not show significant influence on the resulting ECsg
value for C-dots. As such, all following studies were performed in full medium to investigate
the particles influence on mammalian cells under standard cultivation conditions.

For a differentiated and time-resolved investigation on the influence of C-dots on the
viability of NRK cells, the ECIS technique was applied. Therefore, confluent NRK cells
were incubated with C-dots in concentrations between 0.4 and 2.0 mg/mL in full medium.
The impedance at 4 kHz and capacitance at 32 kHz were recorded over time for each
population. Typical normalized time courses of the magnitude of the impedance and
capacitance of such a study are shown in Fig. 5.2.
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Fig. 5.2: Typical time courses of the normalized magnitude of the impedance at 4 kHz (a) and

capacitance at 32 kHz (b) for the incubation of NRK cells with C-dots in concentrations between 0.4 and
2.0 mg/mL in full medium for 24 h at 37 °C. Time point of the addition of the particles t = 1.5 h.

As shown in Fig. 5.2a, the addition of C-dots att = 1.5 h resulted in subsequent impedance
increases. This effect is more pronounced for high C-dot concentrations between 1.0 and
2.0 mg/mL. This may be induced by swelling of the NRK cells through extensive uptake of
the particles and subsequent tightening of the intercellular space. Similar observations of
increasing impedance values before a final drop are described in literature for Caco-2 cells
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undergoing cell death after incubation with peptide-coated silver nanoparticles (Bohmert
et al. 2012). However, besides membrane damage due to the nanoparticles, no further
explanation was discussed for this phenomenon.

Those cells incubated with particle concentrations higher than the ECsy value
(1.4 - 2.0 mg/mL) undergo cell death in about 6 h indicated by decreasing impedance
values. Thereby, NRK cells undergo cell death faster, the higher the C-dot concentration.
Interestingly, a second drop of impedance may be observed a few hours later. As such, it
may be suggested that the induced cell death is a two-step process. This possibly may
include disintegration of cell junctions in a first step and detachment in a second step. In
the “critical concentration” region (0.8 and 1.0 mg/mL) NRK cells undergo heavy reactions
on the C-dot addition as indicated by the highly fluctuating impedance time course.
However, these cells show similar impedance values as the non-incubated control group
after 48 h. As such, these concentrations did not induce cell death, which is in accordance
to the PrestoBlue® evaluations, since both assays therefore provide similar information
(Opp et al. 2009). As this type of experiment was performed several times, it has to be
mentioned that in rare cases the incubation with 1.0 mg/mL induced cell death during the
study. As such, this concentration region may clearly be considered as “critical’. Lower C-
dot concentrations (0.4 and 0.6 mg/mL) in contrast, show only marginal deviations from
the non-incubated control group and may be assigned as non cytotoxic. The time courses
of the capacitance in Fig. 5.2b confirm the assumptions from the impedance
measurements. Hereby, no cell detachment is observed due to toxic effects for C-dot
concentrations up to 1.0 mg/mL. For higher concentrations, clearly a two-step detachment
process is observed. Interestingly, the first step of the capacitance increase seems to be
independent from the particle concentration and occurs for all three concentrations at the
same time point. The second and final increase is the faster, the higher the C-dot
concentration. As such, particle concentrations higher than the “critical limit” seem to
induce release of cell junctions instantly, while final detachment of the cells through cell
death is directly dependent on C-dot concentration.

In summary, the ECIS studies are in accordance to the metabolic ECs, value of 1.1 mg/mL.
For higher C-dot concentrations NRK cells undergo cell death in only a few hours.
Furthermore, the permanent presence of the particles in the ECs value region has to be
considered highly invasive on NRK cells. As such, long-term studies should be performed
in concentrations below this value, as described in chapter 5.3.
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In contrast to the permanent presence of C-dot in the cells’ bulk phase, applications of the
particles described in chapter 6 and 7 only require short-term incubations between 30 and
60 min, for the staining and loading of the cells. In order to study the effect of this short-
term incubation and to proof non-invasiveness, NRK cells were loaded with C-dots for just
60 min and monitored via ECIS. The corresponding time courses of the magnitude of the
impedance and the capacitance in 4-fold determination are shown in Fig. 5.3.
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Fig. 5.3: Time courses of the normalized magnitude of the impedance at 4 kHz (a) and capacitance at
32 kHz (b) for the short-term incubation of NRK cells with 1.0 mg/mL C-dots in EBSS™/G for 1 h at
37 °C, shown as average * standard deviation, n = 4. Control NRK cells were not exposed to any
particles. Addition of the particles was performed at t = 0.75 h, while washing of the incubated cells was

performed att=1.75 h.

As observable in the impedance time course in Fig. 5.3a the addition of the C-dots at
t=0.75 h resulted in similar impedance increases as observed for the long-term exposure.
However, after the washing step impedance dropped to similar values as the non-
incubated control group. Subsequently, the loaded NRK cells did not show any significant
differences to the control groups. The time course of the capacitance shown in Fig. 5.3b,
is in accordance with this observation. Thereby, detachment from the electrodes was not
observed and the loaded NRK cells exhibit suitable capacitance values as the control
groups. Accordingly, the short-term incubation with C-dots for the loading of NRK cells with
the particles may be considered as not harming the physical conditions of the cells.
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5.2 Uptake and Localization in Normal Rat Kidney Cells

In order to verify the suitability of the prepared C-dots as imaging agent and for other
applications on mammalian cells, it was studied whether and how fast these particles are
taken up by NRK cells. Therefore, confluent NRK cells were incubated with C-dots with a
concentration of 1 mg/mL for varying incubation times. Before, it was shown that this
concentration is not considered as acute toxic, especially for short incubation times of only
a few hours. The uptake kinetics of the particles were analyzed via CLSM utilizing the
C-dots intrinsic photoluminescence with excitation at 405 nm, as described in
chapter 4.1.3. The resulting micrographs and the plots of their integrated fluorescence
intensities against the corresponding incubation times are shown in Fig. 5.4.
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Fig. 5.4: Uptake kinetics of C-dots into NRK cells. a) Optical sections through NRK cells, after incubation
with C-dots (1.0 mg/mL in EBSS™/G) at 5% CO, and 37 °C, washing and excitation at 405 nm.
Incubation time was varied between 0 and 180 min in 30 min steps. Multicolor micrographs were split
into their blue (B, 435 — 450 nm), green (G, 515 —-530 nm) and red (R, 650 nm LP) component for further
analysis. b) Plot of the integrated intensities of the blue, green and red channel of micrographs from the
study in (a) against the incubation time. c) Plot of the integrated intensities of the blue, green and red
channel of micrographs from an independent study on the uptake kinetics with shorter incubation times.
Experimental and microscopic settings were kept constant in both studies for comparison. The data of
b) and c) are presented as average + standard deviation, n = 5.
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Increasing incubation times from 30 to 180 min obviously result in increasing fluorescence
intensities, as it may be clearly seen in the micrographs of Fig. 5.4a. Thereby, the emission
for all three channels (blue, green and red) increases. Highest intensities are observed
with the blue detector, while longer wavelength emissions are weaker, in the order blue,
green, red. Since this observation is in accordance with the characterization of the C-dots
in aqueous suspension, it may be indicate that the particles are fully taken up by the cells.
Furthermore, there is no preferred species in the uptake process among the C-dots, in the
case of a mixture of different emitting species.

The plot of the integrated intensity of the micrographs for all channels against the
incubation times, shown in Fig. 5.4b, enables quantification of the uptake kinetics. As such,
an incubation of 180 min led to an increase of about 15-fold for the blue, 27-fold for the
green and 17-fold for the red channel in comparison to the control cells (0 min). Following
the time-course for the intensity of the blue channel, a stepwise increase may be observed.
Thereby, saturations towards a fivefold increase is observed for incubations between 0
and 60 min, tenfold between 90 and 150 min and a further increase to 15-fold for 180 min.

For further verification of this stepwise increasing intensity, a second independent
experiment with higher time-resolution was performed, whose results are shown in Fig.
5.4c. Here, the integrated intensity shows saturation to a fivefold value in comparison to
the non-incubated cells (0 min) for incubation times between 5 and 60 min. Interestingly,
increasing fluorescence intensities may already be observed after 5 min. As such, other
uptake mechanisms than endocytosis may contribute to the incorporation of C-dots into
NRK cells. From 60 to 90 min, a drastic intensity increase to a 15-fold value is observed,
similar to the highest incubation time in Fig. 5.4b. This stays in contrast to other reports
from literature, in which C-dots were described to be taken-up into HelLa cells during 1 h
and further incubation only results in marginal additional incorporation (Li et al. 2012b).

The stepwise increase can possibly be assigned to different uptake mechanisms.
Additionally, the achievement of maximum intensity values for increasing incubation times
in the experiments can be attributed to a large number of incorporated C-dots. Cell viability
is suggested to be affected for longer incubation times. As such, free diffusion of C-dots
into the cells may play a role after a “partly permeabilization” of the cell membrane through
the particles.

Unveiling the nature of the uptake mechanism of the C-dots into NRK cells, incubations
with the particles at different temperatures were studied. Since, endocytosis is known to
be inhibited at 4 °C (Goldenthal et al. 1984), the uptake of C-dots at 4 and 37 °C was
analyzed and compared. Therefore, confluent NRK cells were incubated with C-dots for
identical incubation times at 4 °C and 37 °C, respectively. Afterwards, the cells were
analyzed via CLSM and the integrated fluorescence intensities of the micrographs were
plotted against the incubation times. The results of this study are shown in Fig. 5.5.
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Fig. 5.5: Uptake of C-dots into NRK cells at differerl’&temperatures. a) Optical sections through NRK
cells after incubation with C-dots (0.5 mg/mL) in PBS™ " for 1, 2, 3and 4 h at 4 and 37 °C. Exc.: 405 nm,
em. detectors: RGB. b) Plot of the average integrated intensities of the blue channel of the micrographs
shown in (a) against the incubation time + standard deviation, n = 5.

As demonstrated in Fig. 5.5a, the incubation of NRK cells with C-dots at 4 and 37 °C results
in bright blue luminescent cells already after 1 h. For longer incubations times, the
fluorescence emission increases from cells under C-dot treatment at 37 °C. In contrast to
this, the NRK cells incubated at 4 °C do not show significantly brighter emission from their
cytoplasm. The plot of the integrated fluorescence intensity against the incubation times,
in Fig. 5.5b mirrors this observation. After 1 h the two differently incubated NRK cell groups
exhibit similar fluorescence intensities in the micrographs. Longer times show increasing
intensities for the cells incubated at 37 °C while those at 4 °C remain roughly on the initial
fluorescence intensity level. Similar observation are described in literature for the
incorporation of C-dots into HelLa cells at different temperatures (Cao et al. 2007). As such,
two uptake mechanisms are involved in the incorporation of C-dots into NRK cells. On the
one hand, temperature-independent incorporation of the particles seems to take place in
an early incubation phase. On the other hand, temperature-dependent endocytosis plays
a significant role in the uptake process of C-dots into NRK cells when exposure time
exceeds 1 h.

In order to confirm endocytosis as main uptake mechanism for C-dots into NRK cells, the
localization of the particles inside the cells was investigated. As such, NRK cells were
incubated with C-dots and co-stained with LysoTracker® Green. This dye specifically
stains lysosomes, which form from endosomes and are part of the endocytotic pathway.
Colocalization of the particles and the dye fluorescence confirms localization of the
particles inside lysosomes, as described in chapter 3.4.3. The micrographs of this study
are shown in Fig. 5.6.

The highly magnified optical sections through the incubated NRK cells in Fig. 5.6a and d
exhibit bright blue luminescence in their cytoplasm upon excitation at 405 nm, in a
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heterogeneously dotted pattern leaving the nuclei free. Thereby, a higher degree of
incorporated C-dots into the cells is observed for the incubation with 1.0 mg/mL (d),
compared to the 0.5 mg/mL incubation (a). The staining with LysoTracker® Green in Fig.
5.6b+e shows green emission with a very similar pattern.

405 nm
)

Fig. 5.6: Optical sections through NRK cells after co-staining with C-dots (a, b, ¢: 0.5 mg/mL and d, e, f:
1.0 mg/mL) and LysoTracker® Green for 30 min in full medium. a,d) Exc.: 405 nm, em. detector B.
b,e) Exc.: 488 nm, em. detector G. c) Merge of picture (a) and (b). f) Merge of picture (d) and (e).

As such, the micrographs of both stainings were merged (Fig. 5.6¢ and f) in order to identify
co-localization of the C-dot luminescence with the emission of the dye. The analysis of the
merged images mostly shows co-localization of both patterns, indicated by the turquoise
coloring. Accordingly, most of the C-dots are entrapped in lysosomes in the cytoplasm of
the NRK cells. Therefore, endocytosis is highly suggested as main uptake mechanism for
the C-dots. However, several purely blue spots are also observed in the merged
micrographs. As such, it cannot be excluded that other uptake processes play a role in the
incorporation of C-dots into NRK cells.

Reflecting the studies on the uptake of C-dots into NRK cells, it may be suggested that
endocytosis may be the main uptake mechanism for the particles. The temperature-
dependent uptake and the localization of the C-dots in lysosomes are strong hints for this
issue. In literature, Q-dots and gold nanoparticles were described to be taken up via
receptor-mediated endocytosis (Chithrani et al. 2006; Zhang et al. 2009). As such,
analogies between the different nanoparticles can be seen concerning their internalization.
However, most likely, C-dots are internalized via unspecific pinocytosis due to their ultra-
small size, inducing vesicle-mediated incorporation.

Furthermore, it may be possible that the particles are incorporated into NRK cells via other
pathways. Since the uptake of C-dots happens in minutes and not all of them may be found
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in lysosomes, other mechanisms such as simple diffusion through “partly permeabilized”
membranes of the ultra-small particles may be taken into consideration. Similarly, Li et al.
stated that no special form of endocytosis could be connected to the intracellular uptake
of C-dots, indicating the possible presence of a certain non-endocytic pathway which is
energy independent (Li et al. 2012b).

105



Interaction of Carbon Dots with Mammalian Cells

5.3 Influence on Cell Adhesion, Proliferation and Migration

Impairments of mammalian cell physiology do not only involve cell death, but also
processes, such as the adhesion on substrates, mitosis and cell proliferation, as well as
the ability of adherent cells to migrate on substrates. For the study on the influence of
C-dots on NRK cell behavior, the ECIS technique was used, which allows the non-invasive
and time-resolved monitoring of cell response to different stimuli. For the studies in this
chapter, NRK cells were treated with C-dots in increasing concentrations below the “critical
concentration” of 1.1 mg/mL for long-term incubations, determined in chapter 5.1. Details
on the different experimental set-ups are described in chapter 3.6.1.

Adhesion of NRK Cells Exposed to Increasing Concentrations of C-dots

For the investigation on the C-dots influence on NRK cell adhesion on substrates, cell
suspensions in full medium were incubated in concentrations of 0.1, 0.3 and 0.5 mg/mL in
two-fold determination. After 30 min of pre-incubation, the cells were seeded into 8W10E+
ECIS arrays in permanent presence of the C-dots. The time courses of the impedance and
capacitance were recorded at multiple frequencies for the different populations. Fig. 5.7
shows the time courses of the normalized magnitude of the impedance and capacitance
at different frequencies for this experiment.
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Fig. 5.7: Adhesion of NRK cells on 8W10E+ ECIS electrode arrays in presence of C-dots in
concentrations of 0.1, 0.3 and 0.5 mg/mL in full medium at 5% CO,, 37 °C, n = 2. Control cells were not
incubated with C-dots. NRK cells were preincubated with C-dots for 30 min at 37 °C. The time-point of
cell inoculation is at t = 0.5 h. a) Time courses of the normalized magnitude of the impedance at 4 kHz.
b) Time courses of the normalized capacitance at 32 kHz.

The time courses of the impedance in Fig. 5.7a show a direct correlation between
concentration of the C-dots and the first impedance maximum, which can be assigned to
adhered but not fully spread NRK cells. While non-incubated cells and those with the
lowest C-dot concentration accomplish initial adhesion in 4 h, completion for the particle-

106



Interaction of Carbon Dots with Mammalian Cells

incubated cells is delayed with increasing concentration. Adhesion is accomplished here
after about 5 h (0.3 mg/mL) and 6 h (0.5 mg/mL). Interestingly, the higher the C-dot
concentration, the lower are the impedance values for the different cell groups. The time
course of the capacitance in Fig. 5.7b confirms the observation of the direct correlation
between C-dot concentration and the delay of cell adhesion. Additionally, slightly higher
final capacitance values are observed for increasing particle concentrations. In further
ECIS experiments, cell adhesion was studied for 0.6 mg/mL and higher concentrations.
Thereby, no impedance increase was observed for 48 h. NRK cells do not adhere in
permanent presence of C-dots at higher concentrations than 0.5 mg/mL.

According to these studies, it may be suggested that C-dots heavily affect NRK cell
adhesion and that even lowest concentrations of 0.1 mg/mL show impairment. With
increasing C-dot concentration NRK cells need longer time for the formation of a
monolayer. Furthermore, it may be possible that the particles disturb the NRK cells ability
to form cell junctions, which is reflected by the direct correlation between the final
impedance/capacitance values and the C-dot concentration. While studies on the
influence of C-dots on cell adhesion are not described so far in literature, established
nanomaterials were therefore investigated. As such, disturbance of cell adhesion is a well-
known phenomenon for some types of gold (Pernodet et al. 2006) and silica nanoparticles
(Huang et al. 2010). Inhibition of the expression of adhesion proteins was attributed to the
altered cell behavior.

Proliferation of NRK Cells in Presence of C-dots

Cell proliferation directly depends on mitosis and cell growth, which is significantly
influenced by environmental factors such as toxicants. In order to study the impact of
C-dots on cell proliferation, NRK cells were seeded and incubated with the particles in full
medium after adhesion. The time courses of the impedance and capacitance at multiple
frequencies were recorded in doublets for NRK cells with 0.2, 0.4 and 0.6 mg/mL C-dots
in the medium, as well as non-incubated control cells. The corresponding normalized time
courses are shown in Fig. 5.8.
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Fig. 5.8: Proliferation of NRK cells grown on 8W10E+ ECIS electrode arrays in presence of C-dots with
concentrations of 0.2, 0.4 and 0.6 mg/mL in full medium at 5% CO,, 37 °C, n = 2. NRK cells were seeded
in a density of 10.000 cells/well in order to monitor cell proliferation to monolayers. Control cells were
not incubated with C-dots. Time point of the addition of C-dots at t = 6 h. a) Time courses of the
normalized magnitude of the impedance at 4 kHz. b) Time courses of the normalized capacitance at 32
kHz.

From the time courses of the normalized impedance in Fig. 5.8a, a direct correlation
between C-dot concentration and the time for the formation of an NRK monolayer are
observed. While the incubation with 0.2 mg/mL leads to short delays for the formation of
the monolayer, the 0.4 mg/mL drastically slows down proliferation. For the cells incubated
with this concentration higher impedance values were recorded for the monolayer. This
effect can be related to the observation of increasing impedance values in the cytotoxicity
evaluations, possibly due to cell swelling because of extensive C-dot uptake, or tightening
of cell-cell contacts, described in chapter 5.1. For the incubation with 0.6 mg/mL,
proliferation seems to be largely inhibited, since impedance shows no increase for 72 h.
However, the slight increase in the last 24 h of the experiment may be attributed to a small
minority of NRK cells showing no inhibition of mitosis at this concentration. The time course
of the normalized capacitance in Fig. 5.8b allows of a more accurate view on the increasing
coverage grade of the electrodes with the NRK cells. Non-incubated cells seem to fully
establish a monolayer after about 60 h. Those which were incubated with 0.2 mg/mL do
show a similar time course with only short delays of about 6 h for the establishment of a
full monolayer. The incubation with 0.4 mg/mL shows significant delays, as seen in the
impedance time courses. These cells need about 96 h for the full coverage of the ECIS
electrodes. For the highest concentration, capacitance remains at the values for a cell-free
electrode for a very long time. However, after 64 h capacitance begins to decrease. As
mentioned before, it may be possible that mitosis of a very small population of NRK cells
was not inhibited by the C-dots, explaining this observation. The observation of cell
proliferation inhibition through C-dots was also described in literature for particle
concentrations above 0.2 mg/mL for MCF-7 and HT-29 cells (Yang et al. 2009). However,
analysis and discussion of this biocompatibility parameter of C-dots may scarcely be found
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in literature so far. In contrast to this, properly capped Q-dots are described to show no

influence on cell proliferation (Alivisatos et al. 2005). Since C-dots without passivation are
able to interact with cellular biomolecules, they can disturb proliferation processes.

Migration of NRK Cells Exposed to Increasing Concentrations of C-dots

The migration of NRK cells in the presence of increasing concentrations of C-dots was
studied by wounding a confluent NRK monolayer with an electric pulse and monitoring the
remigration of the cells into the center of the electrode. The time-courses of the normalized
magnitude of the impedance at 4 kHz and the normalized capacitance at 32 kHz of such

an experiment is shown in Fig. 5.9.
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Fig. 5.9: Migration of NRK cells on 8W1E ECIS electrode arrays in presence of C-dots with
concentrations of 0.4, 0.6 and 0.8 mg/mL in full medium at 5% CO,, 37 °C, n = 2. Control cells were not
incubated with C-dots. Particles were added att =1 h. The electric pulse (30 s, 5V, 40 kHz) was applied
att =5 h. a) Time courses of the normalized magnitude of the impedance at 4 kHz. b) Time courses of
the normalized capacitance at 32 kHz.

For the investigation of the influence of the C-dots on NRK cell migration the time courses
of the impedance and capacitance after the application of the electrical pulse are studied.
Prior to the wounding pulse, impedance values for NRK cells incubated with C-dots
drastically increase over time. This effect is more pronounced the higher the particle
concentration and may be attributed to the possible swelling through C-dot incorporation,
described in chapter 5.1. Directly after the application of the electric pulse, all impedance
time courses drop to the values of cell-free electrodes, due to the damaging of the cells on
the electrodes. Afterwards, the impedance time courses in Fig. 5.9a show increasing
values towards the level of the fully cell covered electrode prior to wounding for the non-
incubated cells and for those incubated with C-dots in different concentrations. This is due
to the re-population of the electrode with NRK cells. Time courses of the impedance
increases are delayed for the C-dot incubated cells. While control cells completely covered
the electrodes 5 h after wounding, those in the presence of 0.4 mg/mL C-dots needed 7 h
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and those with 0.6 mg/mL needed 10 h. The incubation with 0.8 mg/mL drastically
increased the delay to 20 - 25 h. This may indicate that migration is drastically impaired at
these high particle concentrations.

Further experiments showed that NRK cells exposed to C-dots in higher concentrations
did not show migration onto the electrode after wounding. As such, there is critical C-dot
concentration for migration due to toxic effects. Interestingly, fully cell covered electrodes
incubated with C-dot exhibit higher impedance values shortly after reaching confluence.
Furthermore, the impedance signals after migration is complete are not as stable as they
are for the control cells. This can be attributed to the impairment of the formation cell
junctions by the particles. The time courses of the capacitance in Fig. 5.9b confirm the
discussed observations of the time delay for the full recovering of the electrodes with NRK
cells in presence of C-dots. Additionally, the slight capacitance increase for the C-dot
incubated cells towards prolonged observation times may be interpreted by impairments
of the formation of stable cell monolayer through the particles.

Compared to other nanomaterials, C-dots seem to show reverse affection of cell migration
in the case of gold and silica nanoparticles. Both, silica and gold nanoparticles were
described to prompt migration rates of cells incubated with these materials. Huang et al.
showed this effect via scratch-assay on A375 cells having incorporated silica nanoparticles
(Huang et al. 2010). Gold nanoparticles were shown to accelerate migration of HUVEC
cells and A549 cells, possibly through redox signaling (Liu et al. 2014b; Nethi et al. 2014).
Both, suppression and promotion of cell migration are disadvantages for a desired non-
invasive label.

Migration of NRK Cells after Short-term Incubation with Carbon Dots

Since staining of adherent cells with C-dots only requires short-term incubations of
1.0 mg/mL in EBSS™/G for 1 h, the migration of NRK cells loaded under these conditions
was investigated and compared against control cells not incubated with particles. The
analysis of cell behavior is therefore especially interesting, since C-dots are used for the
active wounding of cell layers, as described in later chapters. Thereby, the bare
internalization of the particles itself should be as non-invasive as possible. The resulting
time-courses of the normalized magnitude of the impedance at 4 kHz and the normalized
capacitance at 32 kHz of NRK cells exposed to 1.0 mg/mL C-dots for 1h compared against
particle-free control groups are shown in Fig. 5.10.
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Fig. 5.10: Migration of NRK cells on 8W1E ECIS arrays after loading with C-dots. Time courses of the
normalized magnitude of the impedance at 4 kHz (a) and capacitance at 32 kHz (b) as averages *
standard deviation for the short-term incubation of NRK cells with 1.0 mg/mL C-dots in EBSS™*/G for 1 h
at 5% CO,, 37 °C, n = 4. Control NRK cells were not exposed to any particles. Time point of the addition
of the particles is at t = 0.5 h. Time point for the washing of the incubated cells is at t = 1.5 h. The electric
pulse was applied att = 2.0 h.

The time courses of the impedance in Fig. 5.10a show that the control NRK cells which
were not exposed to C-dots re-populate the electrodes within 4 h after pulsing, while it took
about 5 h for the loaded cells. Besides the short time-delay of 1 h, comparable impedance
values were observed for both cell groups after reaching full coverage of the electrodes.
The time courses of the capacitance in Fig. 5.10b are in accordance with the observation
of a time delay of 1 h. Furthermore, both cell groups regain capacitance values of fully
confluent electrodes as observed prior to pulsing. As such, it may be suggested that the
loading of NRK cells with C-dots has only marginal effects on migration and wound healing
ability of the cells. Furthermore, these cells may be considered as fully viable, consistent
with the observations in the cytotoxicity evaluations for short-term incubations in chapter

51.

In summary, the ECIS studies showed that the permanent presence of C-dots in the cell
culture medium heavily affects various cell processes. A direct correlation between C-dot
concentration and time delays for adhesion, proliferation and migration was observed for
all three cell processes. While adhesion is already affected at a very low C-dot
concentration (0.1 mg/mL), migration is only inhibited relatively high concentrations
(>0.8 mg/mL). Other nanoparticles, such as gold and silica also show influence on these
cell processes, as discussed before. Accordingly, the utilization of these materials for
analysis of cell behavior has to be seen critical. However, applications of the C-dots
described in later chapters do not afford particles in the bulk phase and rely entirely on
incorporated particles. As such, these harmful effects may be considered as highly
suppressed, as demonstrated for the migration of C-dot-loaded NRK cells.
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5.4 Permeation across Mammalian Cell Monolayers

Among nanoparticles, C-dots belong to the smallest representatives of their class.
Additionally, these particles are highly water dispersible and are suggested to exhibit
several functional groups on their surface. As such, C-dots are likely to easily penetrate
cell membranes, layers and tissues. In order to quantify the particles ability to pass
biological barriers Transwell® filters were used. Different mammalian cell lines were grown
to confluence on these filters and the permeation of the C-dots across the cell layers was
studied utilizing the particles intrinsic photoluminescence. Among the cell layers under
study, MDCK I cells exhibit the tightest and NRK cells the leakiest junctions. MDCK Il cells
may be considered to be in the middle of both cell lines. This characteristic is reflected in
the different transepithelial electrical resistances (TEER) of the cell lines: 400-3500 Q-cm?
(MDCK 1), 40-100 Q-cm? (MDCK II), 12 Q-cm? (NRK-52E) (Wegener et al. 1996; Limonciel
etal. 2012). As reference a FITC labeled dextran with molecular weight of 4 kDa was used,
as this exhibits a similar hydrodynamic diameter of 1.4 nm (Watson et al. 2013).
Furthermore, the unhindered diffusion through empty filters was investigated for
comparison. The increasing fluorescence intensities in the lower compartments were
normalized with respect to the fluorescence intensities obtained after mixing both
compartments at the end of each experiment. Plots of the relative fluorescence intensity
against the corresponding incubation times are shown in Fig. 5.11. From the plots different
information about the diffusion kinetics were extracted. Since the data sets are in the shape
of saturation curves, the slopes of the linear part of the curves starting from the first three
data points were used for quantification of the diffusion kinetics through the cell layers.
These were used for the calculation of the apparent permeability coefficients (Papp) of
C-dots and FITC-dextran, using the following formula (1) (Youdim et al. 2003).

Papo(“"/sec)= ( a _V,ZDO) ' (AZ? ) (1)
In this equation, Vp is the apical “donor” volume (cm®), A is the surface of the membrane
(cm?), mpo is the amount of substance in the donor compartment at time point zero and
Ang/At is the change of the permeation marker in the basolateral compartment over time
(%/sec). The later is represented by the slope of the starting values for the different data
sets. The following parameters were used in the calculation, as specified in Table 5.1.

1 _ 1 1 5
PC Papp PFilter ( )
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Table 5.1: Parameters for the calculation of the Py, values for C-dots and FITC-dextran.

Parameter Value
Vo 0.5cm’
A 1.12 cm?

0.15 mg (C-dots)
1.0 mg (FITC-dextran)

Papp values for C-dots and FITC-dextran (4 kDa) were corrected for the values of empty
filters according to formula (2). P¢ is the permeability coefficient of the corresponding cell
line and Pejer is the one for empty filters. Prier(C-dots) was determined to 7.89 + 2.60 cm/s
10" and Priger(FITC-dextran) to 10.94 + 2.83 cm/s -10°. The calculated P¢ values are
shown in Table 5.2.

Table 5.2: Py, values derived from the linear parts of the data in Fig. 5.11 calculated from the first three
data points of the curves. Values for the empty filters were averaged from three different experiments
and were used for the calculation of P¢ for the different cell lines. Py, values for C-dots originate from
three independent measurements, while those for FITC-dextran were obtained from single
measurements.

PJcm/s -10° C-dots FITC-D. 4 kDa
NRK 4.33+0.98 1.55 + 0.80
MDCK II 2.70+0.75 0.51+0.57
MDCK | 2.03 +0.53 0.13 £ 0.57

The P4pp values of the C-dots and the FITC-dextran are highest for the empty filters, since
these allow for unhindered diffusion between the compartments. For the permeation
across the cell layers significantly slower increase rates and as such smaller Py, values
were found for both tracers. These decrease in the order NRK — MDCK Il —= MDCK [, which
is in great accordance with the TEER values of the cell lines. As such, the data suggests
that the C-dots are mainly permeating paracellularly, leaking through the cell junctions.

Comparing the Pgapp values of C-dots against those of FITC-dextran, a much faster
permeation of C-dots is observed for all three cell lines. This is 2.7 times faster for NRK
cells, 4.8 times faster for MDCK Il cells and 9.6 times faster for MDCK | cells. Apparently,
C-dots are not as strongly hindered by tight cell junctions as the FITC-dextran, this could
indicate that they are partly transported on transcelullar pathways, e.g. undergoing endo-
and exocytosis. This would be in accordance to recent studies on the permeation of GQDs
through MDCK monolayers (Wang et al. 2015b).
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Fig. 5.11: Studies on the permeation of C-dots across mammalian cell monolayers grown on Transwell®
filter. FITC labeled dextran (4 kDa) was used as reference. The graphs show the fluorescence intensities
of the lower compartment normalized against the fluorescence intensities obtained after mixing both
compartments at the end of each experiment. These were plotted against the incubation times.
Permeation of C-dots across mammalian cell monolayer was performed in triplicate, all others in single
experiments. The data were fitted with Boltzmann equation y=A-(A-Az)/(1+e**’®). a,c,e) C-dot
permeation across cell monolayer and empty filters. b,d,f) Permeration of FITC-dextran (4 kDa) across
cell monolayer and empty filters. Cell lines: a,b) NRK; c,d) MDCK II; e,f) MDCK 1.
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For further analysis, the final fluorescence intensities were compared at the end of each
experiment (after about 5 h) for both tracers. A list of these rates is shown Table 5.3.
Table 5.3: Final fluorescence intensities (after ca. 5 h incubation) normalized against the fluorescence

intensities obtained after mixing both compartments at the end of each experiment. n = 3, for C-dots,
n = 1 for FITC-dextran.

C-dots FITC-dextran 4 kDa
NRK 81.2+1.1% 16.6%
MDCK Il 40.6 £ 4.0% 7.2%
MDCK | 33.2+7.8% 4.9%

The trends of the final fluorescence intensities for the different cell lines are in accordance
with the increase rates of Table 5.2. Both, C-dots and the FITC-dextran, show decreasing
final intensities for cell lines with higher TEER values in the order NRK — MDCK || - MDCK
I. This also indicates that permeation of the C-dots is mainly paracellular. Among the
samples, much higher rates of translocated C-dots were found than those for the FITC-
dextran, for all cell lines. These are 4.9 times higher for NRK cells, 5.6 times higher for
MDCK Il cells and 6.7 times higher for MDCK | cells. As such, transcellular transportation
of the C-dots may not be excluded, since high translocation rates can even be observed
for cell layers with tightest junctions.

The studies on the interaction of C-dots with mammalian cells showed that there is an
explicit critical mass concentration of 1.1 mg/mL for the long-term incubation of NRK cells
with C-dots in full medium. However, for the loading of NRK much shorter incubation times
are necessary as the incorporation of the particles happens fast, in the time range of
minutes. For the standard incubation conditions of 1.0 mg/mL C-dots for 1 h in EBSS™/G
no significant toxic effect was observed. Adhesion, proliferation and migration of the NRK
cells are clearly restrained in the permanent presence of C-dots at subtoxic concentrations
levels. This effect increases for higher particle concentrations and is most pronounced for
cell adhesion and least for migration. The studies on the permeation of the C-dots across
the cell layer obviously showed the high potency of the particles to pass biological barriers.
Compared to Py, values of other nanomaterials in the literature, those for C-dots are two
to three orders of magnitude higher. For example, P, values for Q-dots and silica
nanoparticles evaluated on a blood-brain barrier model are (1 — 6) 10 cm/s (Hanada et
al. 2014). An evaluation of P, of GQDs on MDCK cells resulted in (1 — 3) -10° cm/s
GQDs in a sized of 12 nm and (0.5 — 1.5) -10°® cm/s for GQDs in a sized of 3 nm (Wang
et al. 2015b). This clearly shows the ability of C-dots to pass biological barriers. Together
with fast uptake times into cells, these properties mark C-dots as highly interesting particle
systems for the application as labels or probes in mammalian cells with deep tissue
penetration.
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5.5 Impact of Carbon Dots on Beating Cardiomyocytes

As described in chapter 3.6.2, the influence of C-dots on the contraction of Cor.At®
cardiomyocytes was analyzed via ECIS. Therefore, the impedance time-courses of several
cell populations were recorded prior to the C-dot addition as reference. Subsequently, the
cardiomyocytes were incubated with C-dots in concentrations between 0.2 and 0.9 mg/mL.
The high resolution impedance time courses for each population were recorded 2, 4, 6, 8
and 24 h after particle addition. Control cardiomyocytes that were not exposed to C-dots
served as control to account for cell behavior changes over time. From the different
conditions, selected impedance time courses are shown in Fig. 5.12, in order to illustrate

typical results of this study.
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Fig. 5.12: High resolution time courses of the normalized impedance magnitude at 4 kHz for contracting
Cor.At® cardiomyocytes on 8W1Ep arrays at 5% CO,, 34 °C. Time courses were normalized to their
starting values and are plotted with offset towards each other. Recording was performed before and
after incubation with C-dots at different times after particle addition in medium. In the plots the following
incubation conditions were examined: a) Without C-dots, b) 0.4 mg/mL, c) 0.5 mg/mL, d) 0.7 mg/mL.

The impedance time courses of the control cardiomyocytes in Fig. 5.12a show rhythmic
impedance peaks with about 55 beats per minute (bpm) and amplitudes of about 0.7% in
the first measurement (black line). This indicates the synchronous contraction of the

cardiomyocytes on the ECIS electrodes. Over time, the amplitudes of the later time
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courses seem to vary randomly, while the contraction rate slows down to 23 bpm after 24 h
(magenta line). As such, the contraction rates of the cells decrease over time even under
control conditions.

The impedance time courses, before and after the incubation with 0.4 mg/mL C-dots are
shown in Fig. 5.12b. Prior to incubation the cardiomyocytes show contraction rates of 17.5
bpm with amplitudes of about 0.8% (black line). After the addition of the particles, the
amplitudes of the impedance spikes get smaller. However, no significant deviation from
the control cells can be observed between 2 and 8 h. After 24 h (magenta line), the
amplitudes of the impedance spikes reach only values lower than 0.1% with about 11 bpm.
Thus, C-dots at a concentration of 0.4 mg/mL weaken the contraction of cardiomyocytes
for exposure times close to 24 h.

Incubations with a higher C-dot concentration of 0.5 mg/mL result in a complete stop of
the cell contractions after 24 h incubation, as indicated in Fig. 5.12c. The impedance signal
exhibited 19 bpm with amplitudes of 1.0% (black line) before incubation. Interestingly, the
amplitude increases to 1.45% after 2 h (red line) and decreases afterwards to 0.4% after
8 h (cyan line). At the same time, the contraction rate increased to 22.5 bpm. This may be
assigned to the same phenomenon observed for the incubation of NRK cells with C-dots,
described in chapter 5.1. In experiments addressing acute toxicity, the impedance also
increased for several hours directly after particle addition before decreasing drastically for
toxic C-dot concentrations.

Acute toxicity can be observed for particle additions of 0.7 mg/mL, well observable from
the impedance time courses in Fig. 5.12d. Prior to the incubation with C-dots the
cardiomyocytes show rhythmic contraction indicated by the impedance increases with 16.5
bpm and an amplitude of 0.7% (black line). Already after 2 h (red line), contraction of the
cells becomes unrythmical with decreased rates of 5 bpm and decreasing impedance
values. After 8 h (cyan line), the amplitudes of the impedance spikes are barely detectable
with values of 0.1%. The last impedance time course after 24 h (magenta line) shows
constant impedance values, indicating complete loss contraction ability.

The results of this study indicate that there is a critical C-dot concentration of about
0.4 mg/mL for Cor.At® cardiomyocytes with respect to their beating. Lower concentrations
(in this case 0.2 mg/mL) did not affect contraction of the cells, while higher concentrations
led to a loss of beating within 24 h. Acute toxicity is observed for 0.7 mg/mL and higher
concentrations. Thereby, the cells immediately change their contraction behavior, possibly
due to the internalization of C-dots in large amounts. Most likely, these affect intracellular
signaling pathways, disturbing the cells ability for rhythmic contraction (Peters et al. 2015).
For the first time, this disrupting effect of C-dots on the beating of cardiomyocytes was
described. However, literature shows that other nanomaterials also show impairments of
cardiomyocyte contractility. Among them, the degradation of TiO, nanoparticles heavily
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affects cardiomyocyte contraction through release of inorganic ions (Jawad et al. 2011).
2,3-dimercaptosuccinic acid modified Fe,O3; nanoparticles were reported to show no
impact on the beating, up to concentrations of 0.1 mg/mL (Mou et al. 2015). As such, a
proper characterization of the nanomaterials interactions with different cell types has to be
performed before utilization as label or probe.
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6 Multicolor Cell Imaging using Carbon
Nanomaterials as Luminescent Probes

The following chapter describes studies on the application of C-dots and GQDs in NRK
cells for multicolor imaging. The fast incorporation of the particles into the cells and their
unique optical properties, described in chapters before, were utilized for a functional
staining of the cells. Multicolor imaging was performed via CLSM in combination with the
proper laser wavelength for excitation and the selective use of the RGB emission
detectors, described in chapter 3.4.2.

6.1 Carbon Nanomaterials for Multicolor Imaging of
Normal Rat Kidney Cells

In chapter 4.1.3 the change of the optical properties of the C-dots due to concentration
variations was described. Thereby, the emission is red-shifted into the green spectral
region upon excitation with 405 nm for high particle concentrations. Furthermore, the
excitation at 488 nm results in highest fluorescence intensities for large particle
concentrations. In order to investigate the multicolor imaging applicability of the C-dots
based on enrichment in certain cell compartments living and lysed NRK cells were
incubated with the particles. Subsequently, the cells were analyzed via CLSM and the
corresponding optical sections are shown in Fig. 6.1.

PhaseContrast 405 nm 488 nm

Triton X-100 lysed

Fig. 6.1: a) Micrographs of NRK cells with and without lysis before staining with C-dots. Living cells were
incubated with 1.0 mg/mL C-dots in PBS™ for 30 min at 37 °C. Lysed cells were treated with 0.5% Triton
X-100 in PBS™ for 30 min, before staining. Cells are shown under phase contrast and as optical sections
via CLSM with 405 nm, respectively 488 nm, laser excitation. RGB detector settings were kept constant
for all optical sections. b) Magnification of Triton X-100 lysed and C-dot stained NRK cells from (a).
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As demonstrated in the micrographs of Fig. 6.1a, the living NRK cells which were
incubated with the C-dots exhibit their typical morphology without any sign of toxic effects
in phase contrast. Upon excitation with 405 nm via CLSM the cytoplasm of these cells
shows bright blue luminescence with the cell nuclei remaining unstained. The irradiation
with the 488 nm laser does not result in particular fluorescence emission. From the NRK
cells which were lysed with Triton X-100 only the nuclei remain clearly visible in phase
contrast. The incubation of these samples with the C-dots significantly changed the
emission behavior of the particles. While the excitation at 405 nm results in weakly green
fluorescing nuclei, the excitation at 488 nm shows them brightly green. Interestingly, the
nucleoli inside each cell nucleus appear particularly bright, as indicated in Fig. 6.1b.
Selective nucleoli staining was also reported for other C-dot preparations in literature and
therefore this behavior is consistent with other studies. As such, Kong et al. described
green fluorescent C-dots prepared from PEG 200, which particular staining the nuclei and
nucleoli of living HelLa cells (Kong et al. 2014). Another report from literature showed that
the modification of C-dots with basic amines induces selective staining of nucleoli with the
particles. The authors claim that this enables cross-linking of the modified C-dots’ primary
amino groups with proteins or DNA and therefore explain ribosomal affinity (Barbosa et al.
2015). However, for the C-dots in this work no reactive primary amine groups were
detected using selective dyes, as shown in chapter 4.1.2.

This observation is in great accordance to the change of the C-dots optical properties with
increasing concentration. As such, it may be assumed that living NRK cells incorporate the
particles in small amount, mostly via endocytosis, as described in chapter 5.2. Thereupon
the C-dots seem to be trapped in the endosomes, not being able to freely enter the cell
nuclei, which would explain the absence of luminescence in the nuclei. By contrast, the
direct contact to the bulk phase after membrane permeabilization enables binding and
access of the C-dots to the nuclei. The subsequent accumulation of the particles may result
in high local concentrations of the C-dots which is responsible for the observed changes
in emission behavior. A possible explanation for the more bright nucleoli might be the
different binding behavior of the particles towards DNA, RNA and/or proteins of which this
compartment mainly consists.

However, it has to be mentioned that the optical properties of the C-dots were
characterized in solution. Thereby, reabsorption effects and varying self-quenching
behavior of diverse C-dot species were discussed to be responsible for this phenomenon.
Accordingly, a second possibility for the different coloration might be that preferably the
green emitting species binds to the DNA in the cell nuclei or that the binding itself changes
the optical properties of the C-dots. Further investigations on the specific staining of living
and dead cells as well as reasons for the different emission behavior are described in
chapter 6.2.
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Recently, red-shifted fluorescence was described in literature for carbon fluoroxide
particles upon accumulation in the nuclei of 3T3-L1fibroblast cells, in contrast to low
concentrated particles in their cytoplasm. The authors claim that this effect may be
observed for unharmed cells and that the particles incorporation did not induce significant
changes in size and shape of the cells (Kharin et al. 2015). This stays in contrast to the
particular accumulation of C-dots in the nuclei of dead NRK cells. However, the
observation of changed optical properties of the C-dots from starch and Trp does not seem
to be unique among photoluminescent carbon nanoparticles. In literature, the localization
of this kind of nanoparticle is described to be highly dependent on the surface charge.
Negatively and neutrally charged silicon carbide nanoparticles were found to be located in
the cell nuclei, while positively charged particles are located in the cytoplasm (Serdiuk et
al. 2012). The N-doped C-dots from starch and Trp meet this criterion, as indicated by their
slightly negative zeta potential, as shown in chapter 4.1.2.

Multicolor Imaging with Carbon Dots in fixed NRK Cells

Since it has been demonstrated that multicolor imaging of cells and cell compartments is
possible, the principle behind the diverse staining was further investigated. Therefore, NRK
cells were fixed with para-formaldehyde (PFA) to preserve cellular morphology and to
partly permeabilize their membrane. These cells were incubated with C-dots for different
periods of time in order to let the particles accumulate inside the cells. Subsequently, the
cells were analyzed via CLSM utilizing all three lasers to identify deviations in the staining
of the cells at different excitation wavelengths. The optical sections of the C-dot stained
and fixed NRK cells are shown in Fig. 6.2.

As demonstrated in Fig. 6.2, all fixed NRK cells incubated with C-dots exhibit bright
luminescence throughout the whole cell bodies upon all three laser irradiations at different
wavelengths. The control cell group exhibits only very marginal fluorescence emission for
the given detector settings. For the irradiation with 405 nm laser light the most interesting
deviations between cells exposed to C-dots for increasing times were observed. Among
them, the cells which were incubated for 1 h show bright blue cytoplasmic fluorescence
with nuclei appearing darker but with brighter nucleoli inside. Those cells which were
incubated for 4 h do show a similar pattern with a greenish luminescence, while the 24 h
incubated cells appear green-reddish. As such, the extension of the incubation times
results in increasing intensities for the green and red detector channels for the 405 nm
excitation. This is also indicated for the irradiations with the 488 and 543 nm laser light.
Thereupon, the emission intensities increase for both excitation wavelengths and
prolonged incubation times.
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In summary, longer incubation times with C-dots result in accumulation of the particles
inside the fixed NRK cells. As annotated in chapter 4.1.3, higher concentrations of the C-
dots result in altered emission behavior of the stained cells for the three different laser
wavelengths. The observation of the green shift to longer incubation times for excitation at
405 nm is in great accordance with the spectroscopic characterization. Additionally, the
fluorescence intensity increase for the 488 and 543 nm excitation after prolonged
incubation times, observable in the cell imaging experiment, may also be observed for
increasing concentrations in suspension. Accordingly, different local C-dot concentrations
may be responsible for the multicolor staining. The observation of darker nuclei with
brighter nucleoli may be due to diverse binding behavior of the particles towards the local
biomolecules: DNA, RNA and proteins. As such, accumulation and binding (of possibly
specific subpopulations) of C-dots in cell compartments and on biomolecules may be
responsible for the multicolor staining effect.
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405 nm 488 nm
Control

Fig. 6.2: Optical sections via CLSM through NRK cells after fixation with 4% PFA (w/v) in PBS™ for
15 min and staining with 1.0 mg/mL C-dots in PBS™" at 37 °C for increasing incubation times, from three
different experiments. After every incubation step the cells were washed with PBS™". PFA-fixed NRK
cells, which were not exposed to C-dots served as control. The cells were irradiated with 405 nm, 488
nm and 543 nm, respectively. The RGB detector settings were kept constant for all micrographs.
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Incorporation and Imaging of Liposome encapsulated C-dots in NRK Cells

For the application of nanoparticles in bioanalytical (imaging) assays a specific staining or
detection of target structures or molecules is often desired. In the case of C-dots the
utilization of liposomes as delivery vehicle was investigated. Therefore, the staining of NRK
cells with free C-dots was compared to a staining with liposome encapsulated C-dots.
Typical optical sections via CLSM are shown in Fig. 6.3.

Fig. 6.3: Optical sections via CLSM through NRK cells incubated with C-dots (1.0 mg/mL) and liposomes
with encapsulated C-dots (total phospholipids conc.: 1.1 mM), all in full medium for 1 h at 37 °C. NRK
cells which were not exposed to the particles served as control. Exc.: 405/488 nm simultaneously. The
magnification and the RGB detector settings were kept constant for all micrographs.

The comparison of both micrographs reveals a very different staining pattern for the two
different cell groups. While the incubation with free C-dots results in a fully packed
cytoplasm of all NRK cells, the liposome incubated cells exhibit a more heterogeneous
staining pattern. The luminescence in these cells appears coarser, often enriched in one
half of the cells. This may indicate incorporation into the Golgi complex. Furthermore, the
cells appear much larger and not as densely packed as those incubated with free C-dots,
although both cell samples were seeded in similar conditions. Possibly, the internalization
of C-dots through this uptake process is more invasive than the uptake of free particles. In
summary, C-dots are steadily encapsulated inside the liposomes and are not set free
during the uptake process into NRK cells. Furthermore, the modification of those
liposomes might be used to specifically target distinct structures or compartments inside
cells.

Oleic Acid modified C-dots for the Imaging of fixed NRK Cells

Carbon dots were modified with oleic acid in order to change their staining pattern for
mammalian cells. In order to distinguish differences in the staining behavior of both,
modified and unmodified C-dots, fixed NRK cells were incubated with the particles.
Furthermore, fixed NRK cells were additionally lysed for the staining experiment. This
allows the free diffusion of the C-dots into the cell bodies. After incubation with the
particles, the cells were analyzed via CLSM. The corresponding micrographs are shown
in Fig. 6.4.
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OAM C-dots
Fixed+Lysed

Fig. 6.4: Optical sections via CLSM :[brough PFA-fixed NRK cells incubated with OAM C-dots (1.0% v/v)
and C-£j+ots (1.0 m_g/mIT), all in PBS fpr 45 min at 37 °C. Fixed NRK cell_s_were treated wif[h PF_A (4%
in PBS"") for 15 min prior to stgmm_g. Fixed _aqd lysed NRK cells were _addltlonally treated with T_r!ton.X-
100 (0.5% in PBS™") for 15 min prior to staining. Exc.: 405/488 nm simultaneously. The magnification
and the RGB detector settings were kept constant for all micrographs.

Comparing the staining of the fixed NRK cells, a different coloration for either C-dot type
is obvious. While the modified versions exhibit long wavelength emission (orange-red) for
the two cell groups, the unmodified C-dots show emission in the shorter wavelength light
region. Among them, the non-lysed cells appear mostly bluish, probably due to low
concentrations of incorporated C-dots. The lysed cells appear brightly yellow, most likely
due to the free diffusion of large amounts of particles into the cell body. Again a
concentration dependent emission wavelength-shift may be the explanation for this
behavior. The long wavelength emission of the OAM C-dots is in accordance with
spectroscopic characterization of the particles in chapter 4.3. The observations have been
attributed to solvatochromism or a dominating contribution of a long wavelength emitting
species in the particle suspension, as discussed before. Interestingly, the OAM C-dots do
not show accumulation inside the nuclei of both cell groups, non-lysed and lysed. In
contrast to this, unmodified C-dots clearly show this behavior. Since the particles have
direct access to the cell nuclei they accumulate in this compartment, undergoing changes
of their emission properties. Thereby, several nuclei of the non-lysed cells appear
greenish, while the lysed cells’ nuclei appear bright yellow. Here, it has to be mentioned
that PFA partly permeabilizes the cell membrane, enabling direct contact of the nucleus to
the bulk phase. As such, the interaction of unmodified C-dots is is obviously based on their
small size and functional groups on the surface for electrostatic interactions. These
properties were changed through the modification with the long chain fatty acids and
obviously inhibit the binding to DNA inside the nuclei. Further investigations on this issue
are described in the next chapter.
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Incorporation and Imaging of GQDs in NRK Cells

In literature, terminology of GQDs and C-dots does often not clearly distinguish between
the two species. One of the objectives of this work is to work out differences between both
materials. As such, the applicability of GQDs as imaging materials in NRK cells was
investigated and compared against characteristics of C-dots. In Fig. 6.5 micrographs of
GQD incubated NRK cells are shown.

405/488-nm--

) P o

Fig. 6.5: Optical sections via CLSM through NRK cells incubated with GQDs (~ 0.1 mg/mL) for 2 h in
EBSS™ at 37 °C. Exc. at 405 nm, 488 nm and 405/488 nm simultaneously, RGB detector settings were
kept constant for all micrographs.

The incorporation of GQDs into NRK cells led to a rather weak fluorescence emission
inside the cells upon excitation at 405 or 488 nm. This shows blue-green emission with
excitation at 405 nm and green emission with excitation at 488 nm. The relatively weak
fluorescence has to be attributed to the low quantum yields of the material, described in
chapter 4.2. Only the simultaneous excitation with both lasers results in significant
fluorescence intensities. Thereby, the nuclei stay luminescence-free and the emission in
the cytoplasm appears speckled. This may be attributed to a vesicular incorporation of the
GQDs, which is similar to the incorporation of C-dots. Since both materials are meant to
exhibit vastly different functional groups on the surfaces, it may be suggested that they are
mostly incorporated via endocytosis using different or no receptors on the cell membrane
surfaces.
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6.2 Distinguishing Between Living and Dead Mammalian
Cells Using Carbon Dots

In the previous chapter, it was shown that C-dots enable multicolor imaging of mammalian
cells. Thereby, living cells most likely take up C-dots in low concentrations via endocytosis.
These particles are suggested to be trapped in endosomes not being able to freely enter
the nuclei of the cells. This results in bright blue emission of the cytoplasm of those cells
upon excitation at 405 nm. Damaged or dead cells by contrast, undergo loss of plasma
membrane integrity, enabling direct contact between the cell nuclei and the bulk phase.
As such, C-dots are suggested to freely pass the nuclear pore complex inside the cell due
to their small size and accumulate inside the nucleus. Since nuclei mainly contain DNA,
C-dots are thought to bind to DNA in large number. The high local concentration of the
particles may be responsible for the observed emission shift towards bright green
fluorescence of the nuclei upon excitation at 488 nm. Alternatively, it may be possible that
within a C-dot preparation as mixture of different species long wavelength emissive
species favorably bind to DNA explaining the red-shift. Another possibility might be that
the binding to DNA itself influences the spectroscopic properties of the C-dots due to a
changed environment. In order to investigate this phenomenon, the following chapter
describes studies on the interaction between C-dots and DNA. Furthermore, the specific
staining of living and dead cells was used for the evaluation of cytotoxicity assays of
several chemicals on NRK cells via CLSM.

Studies on the Interaction between C-dots and DNA

As a first verification of the suggested binding of C-dots to DNA, blotted DNA structures
were incubated with C-dots and analyzed via CLSM utilizing the particles’ intrinsic
fluorescence. As control, EthD-1, a well-known DNA intercalating and staining agent was
applied to the same DNA structures. Details on the preparation of the structures and the

staining are described in chapter 3.4.3. The obtained micrographs are shown in Fig. 6.6.

EthD-1
543 nm

Fig. 6.6: Blotted DNA stained with C-dots and EthD-1 under laser excitation with different wavelengths.
The micrograph of the 405 nm excitation was split into its blue, green and red channel. RGB detector
settings were kept constant for the C-dot micrographs.
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Examining the micrographs in Fig. 6.6, the structures of the blotted DNA are clearly visible
for both, the C-dot and the EthD-1 staining. The DNA incubated with C-dots exhibits green
emission upon excitation at 405 nm, yellow with excitation at 488 nm and weak red for
irradiation with 543 nm laser light. By contrast, the EthD-1 stained DNA structure exhibits
brilliant red fluorescence emission, as expected. As such, the data shows that C-dots
selectively bind to DNA very similar to the organic dye. The coloration of 405 nm excited
DNA appears greenish, which is in accordance with the observation in the cell
experiments. Thereby, the nuclei of dead cells also show weak green fluorescence upon
excitation at 405 nm, which can be seen in Fig. 6.1a. The splitting of the micrograph into
its blue, green and red channel shows very weak blue emission, while green emission is
superior and red emission relatively strong. The 488 nm excited DNA exhibits brilliant
yellow emission, with green and red emission at similar intensity levels, which differs from
the green nuclei observed in cell experiments. This may be explained by higher local
concentration of C-dots in the blotted DNA structure, resulting in a stronger red-shift of the
emission. This would be in accordance to the concentration dependent emission changes
of C-dots in solution described in chapter 4.1.3. As such, the different coloration via CLSM
may be attributed to local C-dot accumulations.

For a more detailed examination of the interaction between C-dots and DNA, the
photoluminescence of the particles was studied in solution upon incubation with DNA.
Therefore, 0.5 mg/mL C-dots in PBS were mixed with increasing concentrations of ds DNA
and the emission spectra were recorded with excitation at 488 nm. The corresponding
averaged emission spectra for the particle mixtures and the DNA preparation, as well as
integrated intensity values of the spectra are shown in Fig. 6.7.
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Fig. 6.7: Influence of ds DNA on C-dot fluorescence. a) Emission spectra of C-dots (0.5 mg/mL) with
and without ds DNA in increasing concentrations in PBS. Spectra were recorded at room temperature
upon excitation at 488 nm and plotted as average +* standard deviation, n = 3. b) Integrated fluorescence
intensities of the emission spectra from (a) plotted against ds DNA concentration, as average + standard
deviation, n = 3.
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Under the given assay conditions, the bare DNA solutions in PBS show increasing
fluorescence emission for higher DNA concentrations with a maximum at 535 nm, upon
excitation at 488 nm. This possibly may be attributed to additives or residues in the DNA
preparation. The pure C-dot suspension has its emission maximum at 530 nm. In contrast
to this, the incubation of the particles with the DNA led to a shift of the emission maximum
to 519 nm with increasing fluorescence intensities for higher DNA concentrations.
Analyzing the integrated fluorescence intensities of the spectra given in Fig. 6.7b, the
increase of the intensities of the C-dot-DNA suspensions may be attributed to addition of
the DNA preparation. Thus, the conclusion applies that there is no increase in the quantum
yields of C-dots through the binding to DNA. However, the emission maxima of the
mixtures are significantly blue-shifted. This may not be attributed to the DNA preparations
themselves, since these have their maxima at longer wavelengths. Accordingly, the
changed environment through the binding to DNA could induce effects on the
spectroscopic properties of the C-dots. As the green detector of the utilized CLSM is
sensitive for light between 515 and 530 nm, the blue-shift of the particles emission
maximum may result in higher intensities for the green channel of the obtained
micrographs. This may explain the different coloration of C-dot incubated DNA and cell
nuclei.

In summary, it has to be said that only suggestions can be made on the diverse staining
of DNA and cell nuclei. However, the described studies have shown that possibly two
effects play a role in the changed emission behavior of the C-dots. On the one hand, high
local concentrations of the particles together with reabsorption of the emitted light and
diverse self-quenching behavior of different species might induce a general red-shift of the
emitted light. On the other hand, the binding of the C-dots to DNA might change the
particles spectroscopic properties in such a manner that the utilized detector for the green
light emission records higher fluorescence intensities. Both effects might contribute to this
phenomenon as well.

Multicolor Imaging of Mammalian Cell Viability with a Live-Dead-Assay using C-dots

In order to examine the applicability of C-dots for cytotoxicity investigations via imaging,
NRK cells were treated with increasing concentrations of saponin. These are amphiphilic
glucosides, acting on mammalian cells by plasma membrane permeabilization. After the
treatment, the NRK cells were incubated with C-dots and analyzed via CLSM. Thereby,
the individual staining of the cytoplasm of living cells and the dead cells nuclei was to be
utilized for quantitative analysis. As comparison, a commercially available staining kit
designed to distinguishing between living and dead cells by Calcein AM and EthD-1 was
applied to a control cell group. The corresponding micrographs of the differently stained
NRK cell groups are shown in Fig. 6.8.
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Fig. 6.8: Optical sections via CLSM through NRK cells incubated with saponin in varying concentrations
(0.02 - 0.10%0) in PBS™ for 30 min at 37 °C prior to staining. Carbon dot staining was performed with
1.0 mg/mL C-dots in PBS™" for 30 min at 37 °C. Exc.: 405/488 nm simultaneously. Control staining was
performed with 2 uM CaAM/ 4 uM EthD-1 in PBS™ for 30 min at room temperature. Exc.: 488/543 nm
simultaneously. The magnification and RGB detector settings were kept constant for all micrographs
among the particular staining groups.

130



Multicolor Cell Imaging using Carbon Nanomaterials as Luminescent Probes

The comparison of the two different staining methods in Fig. 6.8, via C-dots and
CaAM/EthD-1 shows that both provide similar information at the individual saponin
concentrations. With increasing toxicant concentration NRK cells that were stained by
C-dots show a decrease of the blue cytoplasmic luminescence (living cells), while the
number of green luminescent nuclei (dead cells) increases. Similar observations can be
made for the CaAM/EthD-1 stained NRK cells. There, the number of green fluorescent
cells (living) decreases while the number of red fluorescent nuclei (dead cells) increases
for higher saponin concentrations. Thus, C-dots are as suitable for cytotoxicity evaluations
via imaging just as the commercially available assay.

Further verification of the distinct staining of living and dead cells via C-dots was performed
through the labeling of adherent cells after wounding with an electric pulse using ECIS.
This ensures that the staining is independent from chemically induced cell death. NRK
cells in 8W1E arrays were wounded with an electric pulse and stained with C-dots
subsequently for increasing times after wounding. The remigration of the NRK cells onto
the electrode might become visible. For comparison, control cells were exposed to the
same wounding pulse as the C-dot-treated cells before and stained with CaAM/EthD-1.
Both cell groups were analyzed via CLSM and the recorded optical sections are shown in
Fig. 6.9.
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Fig. 6.9: Optical sections via CLSM through NRK cells after wounding via ECIS in 8W1E arrays (30 s,
5V, 40 kHz) and staining with C-dots or CaAM/EthD-1, respectively, for increasing times after wounding.
Carbon dot staining was performed with 1.0 mg/mL C-dots in PBS™ for 30 min at 37 °C.
Exc.: 405/488 nm simultaneously. Control staining was performed with 2 yM CaAM/ 4 yM EthD-1 in
PBS™ for 30 min at room temperature. Exc.: 488/543 nm simultaneously. The magnification and RGB
detector settings were kept constant for all micrographs among the particular staining groups.

As indicated through the micrographs in Fig. 6.9 both staining protocols provide similar
information about the coverage grade of the electrodes with NRK cells. Non-wounded cells
of course exhibit complete coverage with living cells. With and increasing time delay

between staining and time of the wounding pulse the coverage grade of the electrode with
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living NRK cells increases since cells start to migrate onto the free electrode area. This is
indicated by the increasing number of blue luminescent cells for the C-dot staining and
green luminescent cells for the CaAM staining. As such, differentiation between living and
dead cells with C-dots is independent from the mechanism by which death is induced.

Quantitative Cytotoxicity Assay using Carbon Dots: Impact of tBuOOH on NRK Cells

Since it was proven that C-dots can be used for a distinct staining of living and dead cells,
the particles were studied for their applicability in the quantification of cytotoxic effects via
imaging. Therefore, NRK cells were treated with tert-Butyl hydroperoxide (tBuOOH) for 3
h which induces oxidative stress and finally apoptosis at higher concentrations (Ritter et
al. 1999; Lash et al. 2002). The cells treated in this manner were stained with C-dots and
examined via CLSM, as shown in Fig. 6.10a.
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Fig. 6.10: EC5y evaluation for NRK cells treated with tBuOOH. a) Optical sections via CLSM through
NRK cells incubated with tBuOOH in concentrations between 10 and 250 uM in PBS™ for 3 h at 37 °C
prior to staining. Carbon dot staining was performed with 1.0 mg/mL C-dots in PBS™" for 30 min at 37 °C.
Micrographs as merges of channel blue (exc. 405 nm) and channel green (exc. 488 nm). b) Plot of the
ratio between the integrated intensity of the green channel (515-530 nm) of the micrographs upon
excitation at 488 nm and the corresponding blue channel (435-450 nm) upon excitation at 405 nm
against tBuOOH concentration. Ratios were calculated from at least six different pairs of micrographs
for each concentration and the averages of the ratios + standard deviation were used for the plot. Data
was fitted via Boltzmann equation y=A-(A-Az)/(1+e**./™), shown as red line. xo = 69.0 + 6.5 uM, R =
0.9530.

Similarly to the studies with saponin, selective staining of living and dead NRK cells is
performed using C-dots. As such, the staining may be considered as independent from
the cell death inducing toxicant. Additionally to the bare observation of the micrographs,
they were analyzed for their integrated intensity of the blue channel upon excitation at 405
nm and the one for the green channel upon excitation at 488 nm. While the blue intensity
may be considered as a measure for living cells, the green intensity serves as measure
for dead cells. Integration over the whole micrographs allows the utilization of the emission
red-shift for increasing local C-dot concentrations. The staining with C-dots seems not to

be an “all or nothing” phenomenen, which may especially be seen for the slightly green
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nuclei of the NRK cells treated with 25 yM tBuOOH and the remaining blue-purple cells
incubated with 75 and 100 uM tBuOOH in the micrographs of Fig. 6.10a. Partly damaged
cells and cells in very early stages of apoptosis contribute to both integrated intensities, or
in the other way, not as strongly as completely intact or dead cells to each intensity. The
ratio between the calculated green and blue intensities serves as measure for cytotoxicity
and reduces errors induced by variances of the z-plane in the different micrographs for
every cell population under test. Furthermore, the usage of the green/blue intensity ratio
makes this application independent from the amount of cells in a single micrograph. As
such, cytotoxicity evaluations may even be performed on non-confluent cultures with
different cells densities. These green/blue intensity ratios were plotted against the
corresponding tBuOOH concentrations as shown in Fig. 6.10b. While the green/blue
intensity ratio is about 0.1 for living NRK cells, the ratio increases drastically to 1.5 for
completely dead cells. Through fitting of the data, an ECsy of (69.0 + 6.5) uM was
determined. This is in good agreement to the ECso of 100 uM tBuOOH described in
literature for PC12 pheochromocytoma cells by fura-2 assay (Lu et al. 2002). Accordingly,
the data suggests that the imaging of C-dots in NRK cells allows the evaluation of effective
concentrations of toxicants via CLSM imaging.

Evaluation of ECso Values of tert-Butyl hydroperoxide for different Mammalian Cell Lines

Further verification on the suitability of C-dots as cytotoxicity evaluation imaging agent for
mammalian cells were performed on different cell lines. This should ensure the applicability
of the particles as general imaging agent independent of the cell line. Furthermore, the
imaging of the different cell lines stained with C-dots is used to compare cytotoxicity of
tBuOOH in contact to different cell lines. Therefore, MDCK Il, CHO-K1 and HaCaT cells
were treated with tBuOOH in increasing concentrations under similar conditions as
described for the NRK cells before. The cells were stained with C-dots, examined via
CLSM and the micrographs were analyzed for their green/blue intensity ratios. The results
of this study are shown in Fig. 6.11.

As demonstrated in the selected micrographs of Fig. 6.11a, healthy MDCK |l and HaCaT
cells tend to incorporate C-dots in large amounts, indicated by the strong blue
luminescence from cells incubated with low concentrations of tBuOOH and control cells
upon excitation at 405 nm. CHO-K1 cells show a significantly lower incorporation of C-dots,
but still an adequate amount for analysis. Generally, all three cell lines under study show
weaker blue luminescence with the increase of the tBuOOH concentration. This may be
attributed to cell death and the associated stop of incorporation of the C-dots through
endocytosis. Green luminescent nuclei were observed for all three cell lines upon
excitation at 488 nm increasing for higher toxicant concentrations. However, in contrast to
the previously studied NRK cells, only a few of the dead exhibit green stained nuclei. Other
dead cells among the different cells at higher tBuOOH concentrations only feature very
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low blue C-dot luminescence in their cytoplasm. This may be attributed to dead cells but
dead cells in out-of-focus positions relative to the adherent cells. Furthermore, the staining
with C-dots and the 3 h treatment with tBuOOH was optimized for NRK cells, to yield
apoptosis in the maijority of cells. Therefore, the treatment may have left a majority of the
cells in another stadium of cell death or induce a different cell death pathway such as
necrosis, compared to NRK cells. As such, for most of these cells the plasma membrane
diffusion barrier may still be intact, hindering the C-dots to accumulate in the dead cells’
nuclei. This results in weaker blue intensities, with only marginally increasing green
intensities for the micrographs of damaged or dead cells. According to this, the ECsg
evaluation utilizing the green/blue intensity ratio of the micrographs cannot be performed
as exact as for NRK cells, described before.
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Fig. 6.11: a) Optical sections via CLSM through MDCK II, CHO and HaCaT cells (from top to bottom)
incubated with tBuOOH in increasing conc. (MDCK IlI: 30—400 uM, CHO-K1/HaCaT: 50-1000 pyM) in
PBS™ for 3 h at 37 °C prior to staining. Carbon dot staining was performed with 1.0 mg/mL C-dots in
PBS™ for 30 min at 37 °C. Micrographs are shown as merges of their blue (exc. 405 nm) and green
(exc. 488 nm) channel. b) ECsy evaluation for MDCK Il, CHO-K1 and HaCaT cells treated with tBuOOH
by plotting the ratio between the integrated intensity of the green channel (515-530 nm) of the
micrographs upon excitation at 488 nm and the corresponding blue channel (435-450 nm) upon
excitation at 405 nm against tBuOOH concentration. Ratios were calculated from at least five different
pairs of micrographs for each concentration and the averages of the ratios + standard deviation were
used for the plot. The data was fitted via Boltzmann equation, shown as red line. MDCK II: xo = 167.8 +
12.5 UM, R*=0.9411, CHO-K1: 460.5 + 139.9 uM, R? = 0.8548, HaCaT: 263.9 + 123.6 yM, R* = 0.8976.
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Plot of the green/blue intensity ratios of the micrographs against the tBuOOH concentration
for all three cell lines, shown in Fig. 6.11b, allowed a rough evaluation on the corresponding
ECso values. These are summarized in Table 6.1, together with the values for NRK cells.
Furthermore, EC5g values were calculated through the fitting of the data for the decreasing
blue intensities of the micrographs only for higher tBuOOH concentrations, resulting from
reduced incorporation of the C-dots. This is independent of the highly variable green
intensities from the few stained nuclei, allowing more precise fits in this case. The
corresponding results are also shown in Table 6.1.

Table 6.1: Comparison of ECsq values for tBUOOH determined via CLSM imaging with C-dots.
Evaluation was performed via the green/blue intensity ratio and the integrated intensity of the blue
channel of the micrographs for various mammalian cell lines respectively. (*: Error could not be
determined.) The concentrations were calculated via fitting of the obtained data using the Boltzmann
function. Each data point resulted from averaging the ratio or intensity, respectively, of at least five
micrographs per sample + standard deviation.

Cell Line ECso0 /UM (G/B-Ratio) ECso /UM (Biye Int)
NRK 69.0£6.5 56.4 £13.9
MDCK I 167.8 £12.5 116.1 £ 51.8
CHO-K1 460.5 £ 139.9 402.8 *
HaCaT 263.9 £ 123.6 137.1+£42.1

The determined ECs values from the green/blue intensity ratio are roughly in accordance
to the observed morphology changed cell damage and death among all cell lines. The
evaluation using the integrated blue intensities resulted in similar values. Thereby, the
comparison of the errors of the calculated ECs5 values for NRK and MDCK |l cells indicate
the benefits of the usage of the green/blue intensity ratio. It combines the decreasing blue
intensities with the increasing green intensities for higher toxicants concentrations.
Furthermore, it is independent of cell density or variations of the focal plane between the
different micrographs per sample. For the other cell lines without the constant feature of
direct correlation between green stained nuclei and toxicant concentration, the fitting of
the blue intensity data resulted in higher precisions for the ECs, evaluations.

However, it has been shown that the blue staining of living cells due to endocytosis of low
concentrations of C-dots and the green staining of dead cells’ nuclei due to accumulation
of the particles is observed for all cell lines. As such, the principle of the staining is not only
limited to the application on NRK cells, but surely for most adherent mammalian cell lines.
The usage of the green/blue ratio of the micrograph intensities can most likely be optimized
to reach higher precision for the ECsy determination. Thereby, the incubation of the
different cell lines with C-dots, as well as the toxicant treatment might be optimized to
achieve this goal.
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Established methods from literature using commercially available staining kits, such as
Calcein AM/Eth hd-1 also rely on quantifying cytotoxicity via fluorescence microscopy.
Therefore, the intensities or cell numbers of the different emission channels in the
micrographs are analyzed (Kummrow et al. 2013). However, most commonly quantification
and analysis of fluorescent dye stained cells is analyzed via flow cytometry, since it allows
high-speed quantitative multi-parameter analysis of cells in suspension. In the following
the applicability of C-dots for a detectable staining in the flow cytometry analysis of NRK
cells was studied.
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Flow Cytometry as Method for the Analysis of C-dot-stained NRK Cells

Independence of the analysis method of C-dot-stained NRK cells from CLSM was verified
via fluorescence activated cell sorting (FACS). Therefore, NRK cells were treated with
150 yM tBuOOH for 3 h in PBS™/Glucose (1 g/L) prior to staining with C-dots (1.0 mg/mL
in PBS™ for 30 min). This treatment induces apoptosis among the NRK cells, enabling the
detection of the green fluorescent C-dot stained nuclei. Control cells were not treated with
the toxic agent before staining. Fluorescence of the internalized particles was analyzed
upon excitation at 488 nm and emission between 515 and 545 nm, as required for the
detection of dead cells stained with C-dots. For comparison, NRK cells from the same
samples were incubated with propidium iodide (Pl) for the selective staining of dead cells.
These cells fluorescence was detected upon excitation at 488 nm with a 670 nm longpass
filter. The dot plots of the fluorescence intensities against the forward scattered light (FSL)
intensities from this study are shown in Fig. 6.12.
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Fig. 6.12: Dot plots of the fluorescence intensity against the FSL intensity from the FACS analysis of C-
dot and propidium iodide stained NRK cells. Control cells were not treated prior to staining, sample cells
were treated with 150 pM tBUOOH in PBS™*/Glucose (1 g/L) for 3 h before staining. Fluorescence of the
C-dot stained NRK cells was analyzed upon exc. at 488 nm with a 515 - 545 nm em. filter. Propidium
iodide em. was analyzed upon exc. at 488 nm with a 670 nm longpass filter. From the controls 10.000
cells and from the tBuOOH incubated sample 5.000 cells were studied per analysis. The experiment
was performed three times, obtaining similar results.
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The dot plots from the FACS analysis of the C-dot-stained NRK cells in Fig. 6.12 allow the
classification of three different cell populations per sample. From the control, the majority
of the dots are located in the grey marked region with high FSL intensities and medium
fluorescence emission intensities. Since FSL is a measure for cell volume and apoptotic
NRK cells undergo shrinking, it may be suggested that those cells in the grey region are
healthy with only moderate green fluorescence emission. This emission behavior can also
be observed for intact C-dot stained NRK cells via CLSM analysis. A minority of the dots
is located in the blue marked region, indicating small cell volumes with only marginal
fluorescence intensities. These cells may have undergone cell death without being stained
by C-dots due to intact plasma membranes or apoptosis after staining with the particles.
Only very few dots are located in the green marked region, which exhibits low FSL intensity
and higher green fluorescence intensities. This small number of cells shows the typical
characteristics of dead C-dot-stained nuclei, a low cell volume together with green
fluorescence emission. As expected the control sample consists of only very few of those
cells, since these were not treated with the toxic agent prior to the staining with C-dots.
The tBuOOH-treated sample by contrast, exhibits very few dots in the grey marked region,
indicating that only a small number of the NRK cells survived the treatment with tBuOOH.
Most of the dots are located in the blue and green marked region with low FLS intensities.
As such, the majority of the NRK cells is suggested to have undergone apoptosis with a
shrinking cell volume. The dead cells are split into two different populations, those with
high green fluorescence emission and those showing only marginal intensities. According
to this observation it may be suggested that the tBuOOH-treatment did not induce loss of
plasma membrane integrity among all apoptotic cells. As such, only parts of the dead cells
nuclei were stained with the particles.

A similar observation can be made for the Pl stained NRK cells. While most of the dots in
the plot of the control sample are located in the grey marked region, a minority can be
found in the blue and only a very small number in the red region with high red fluorescence
intensities. This indicates that, analog to the C-dot staining, most of the NRK cells can be
considered healthy, with only a very small number of dead cells nuclei stained red
fluorescent. The tBuOOH and PI treated sample significantly supports the notion of two
different dead cell populations. While parts of the dead cells exhibit bright red fluorescence,
the other part shows only marginal intensities. As such, also the organic dye could only
stain some of apoptotic NRK cells. This indicates that plasma membrane integrity was
maintained among a large number of cells. The organic dye shows a similar staining
behavior for the NRK cells as the C-dots. Again only a few dots can be found in the grey
marked, which shows that most of the cells underwent death.

A detailed analysis of the amount of cells among the diverse treated and stained NRK cell
populations identified via FACS is shown in Table 6.2.
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Table 6.2: Amount of cells in % among the diverse treated and stained NRK cell populations identified
via FACS. Data was obtained from three different cell samples, shown as averages * standard deviation.

NRK Control Control tBuOOH tBuOOH
Populations (C-dots) (PI) (C-dots) (PI)
Healthy Cells
v 90.2 £ 0.4% 85.1 £ 3.3% 3.0+ 0.8% 2.3+1.0%
(Grey)

Dead Cells /

9.9+0.6% 8.2+1.4% 76.8 £ 0.5% 59.3+5.6%
Low Em. (Blue)

Dead Cells /
High Em. 0.2% + 0.0% 29+21% 20.7 £ 0.2% 35.5+4.8%

(Green/Red)

The comparison of the amount of cells among the different populations from the diverse
stained and treated NRK cells in Table 6.2, shows that the staining with C-dots roughly
gave the same information as the one with PI. Both stainings indicate that most of the
untreated control cells can be assigned as healthy, with only a small number of dead cells.
The treatment with tBuOOH drastically changed the amounts among the different
populations, leaving only a few cells alive and inducing cell death among most of them.
Thereby, the particles left a comparable number of low volume NRK cells, which are
supposed to be apoptotic, unaffected similar to PI.

In summary, it could be shown that C-dots may be used for the distinguishing between
living and dead cells, utilizing the particles green fluorescence upon excitation at 488 nm.
Although the particular experiment did not allow the staining of all dead cells, the C-dots
did behave exactly as the dead cell specific organic dye Pl. Both stained parts of the
apoptotic NRK cells, which may be referred to intact plasma membranes among those
affected cells. However, the study proved the independence of the C-dot staining of living
and dead mammalian cells from CLSM.
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Imaging of Living and Dead NRK Cells with N-doped C-dots from Citric Acid

The studies on the C-dots utilized in this work have proven that these particles exhibit
unique properties. In order to classify the mammalian cell imaging possibilities of the
C-dots from starch and Trp, they were compared with the performance of another C-dot
preparation from literature. Therefore, comparable N-doped C-dots from citric acid and
ethylene diamine with the highest QY known up to know were prepared (Zhu et al. 2013b).
These were used for staining of NRK cells which were subsequently treated with saponin
as toxicant in increasing concentrations. After incubation with the particles, the cells were
examined via CLSM. The corresponding micrographs are shown in Fig. 6.13.
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Fig. 6.13: Optical sections via CL%M through NRK cells incubated with saponin in incresaing
concentrations (0.00 - 0.10%0) in PBS™" for 30 min at 37 °C prior to stainin9+. Carbon _dot staining was
performed with 0.5 mg/mL C-dots (derived from citric acid and EDA) in PBS™ for 30 min at 37 °C. Exc.:
405/488 nm simultaneously. The magnification and the RGB detector settings kept constant for all
micrographs.

The micrographs in Fig. 6.13 show that the incubation of untreated NRK cells (0.00%o) with
C-dots from citric acid results in insufficient staining. Those cells exhibit only marginal
fluorescence. As such, it may be suggested that living cells with intact plasma membrane
integrity barley incorporate these particles. At higher saponin concentrations (0.03 and
0.035%0) NRK cells exhibit bright blue photoluminescence throughout the whole cells. This
has also been attributed to partially losses of plasma membrane integrity due to saponin
enabling the diffusion of the particles in small amounts into the cell. This may also be
observed for partly damaged cells stained with C-dots from starch and Trp. However, the
latter exhibit a more differentiated staining of cytoplasm and nucleus. Completely dead
NRK cells (mostly 0.10%o) exhibit bright red nuclei. Accordingly, the selective DNA staining
and the subsequent color shift seems to also exist for these C-dots. Thus, it may be
possible that a red-emissive species favors binding to DNA or that the accumulation of
those particles results in even stronger emission red-shifts. In summary, it has to be said
that the staining abilities of the C-dots from starch and Trp are superior to the other
preparation, as they allow a staining of living cells and a more thoroughly staining of the
cell compartments (cytoplasm and nucleus).
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6.3 Imaging of MCF-7 Spheroids as Tissue Models using
Carbon Dots

In the previous chapter it was shown that the C-dots, investigated in this work, exhibit
unique properties for the multicolor imaging of cell monolayers via CLSM. However, since
diagnostic and therapeutic applications in vivo are implemented on three dimensional (3D)
cell structures, the C-dots were investigated for the staining of 3D tissue models.
Therefore, multicellular spheroids (MCS) of MCF-7 cells were chosen as 3D tissue model
for tumors. These were stained with C-dots and subsequently underwent multicolor
imaging via CLSM. An example of such an MCS is shown in Fig. 6.14 together with a
CaAM/EthD-1 stained one.

CaAM/EthD-1

Fig. 6.14: Optical sections via CLSM through MCS of MCF-7 cells grown for 7 d. Carbon dot staining
was performed with 1.0 mg/mL C-dots in PBS™ for 2 h at 37 °C. Exc.: 405/488 nm simultaneously.
Control staining was performed with 2 uM CaAM/ 4 yM EthD-1 in PBS™ for 2 h at room temperature.
Exc.: 488/543 nm simultaneously.

The optical section of the C-dot stained MCS in Fig. 6.14 exhibits bright blue luminescence
in the cells in the periphery of the spheroid. Cells located in the inner of the spheroid appear
greenish. Furthermore, distinct bright green spots, especially deeper inside the spheroid
were observed. These can be most likely assigned to C-dot stained nuclei of dead cells,
similar to the monolayer studies. From the staining with the particles it may be suggested
that the MCS consists of living cells in the outer layers of the MCS together with a vast
amount of dead cells inside the spheroid. This would be in accordance with the observation
of necrotic cores inside MCF-7 MCS, as described in literature (Faute et al. 2002). These
are about 200 ym in size inside the spheroid with only the outermost cell layers actively
proliferating (Zhang et al. 2005). These dimensions are in accordance with the diameter
of the green luminescent area in the optical section of the MCS. Furthermore, the control
staining with CaAM/EthD-1 shows similar results with mostly living cells (green) in the
spheroid periphery with several dead cells (red) inside. However, it may not be excluded
that the blue coloration throughout the spheroid and the green coloration of the core is due
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to optic effects. Thereby, long wavelength light, in this case the green emission, is only
detected for the region of the spheroid core since it is not as strongly reabsorbed by the
surrounding tissue as the shorter wavelength emission. This effect may also be observed
for the CaAM/EthD-1 stained MCS, since only red emission of several dead cells is
detected from the core.

A more thorough investigation on the staining of MCS with C-dots was performed through
the recording of z-stacks via CLSM. Thereby, optical sections of C-dot stained and non-
stained MCF-7 spheroids were recorded by moving the position of the focal plane through
the specimen. This enables 3D multicolor imaging of the MCS in a whole. Individual optical
sections of these z-stacks are shown in Fig. 6.15.
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Fig. 6.15: Optical sections via CLSM through MCS of MCF-7 cells grown for 7 d (diameter ~ 450 uym) in
2.5 um steps between focal planes. Carbon dot staining was performed with 1.0 mg/mL C-dots in PBS™
for 4 h at 37 °C. Exc.: 405/488 nm simultaneously. The control MCS was not stained. The RGB detector
settings were kept constant for both z-stacks.

The optical sections of the C-dot stained MCS in Fig. 6.15 shows that the spheroid exhibits
a complete shell of bright blue luminescent cells. Furthermore, the inner core of the
spheroid shows green fluorescence, as described before. In order to exclude auto-
fluorescence as reason for the green core, control MCSs not stained with C-dots were
examined under similar conditions and detector settings, as control. The marginal green
fluorescence was observed, possibly deriving from cell residues in the inside of the
spheroid. This partly contributes to the observed green fluorescence of the stained MCS.
However, the intensity of fluorescence in control spheroids is fairly weak. As such, it may
be suggested that most of the green fluorescence from the inner core of the C-dot stained
MCS results from green fluorescent dead cells. The data suggests that the C-dots
penetrated the whole MCS, since fluorescence emission is also detected from the inner
core of the stained MCS, while the control MCS shows only marginal intensities. This would
correspond to a very good tissue penetration of C-dots.
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In summary, the studies on the MCS showed that multicolor imaging and distinguishing
between living and dead cells with C-dots is also possible in 3D cell structures. The staining
of the spheroids, resulting in a distinct blue shell and a green core may be attributed to the
different staining of living and dead cells on the one hand. On the other hand, the better
tissue penetration of long wavelength light emitted from the inside of the spheroid upon
laser excitation may further be involved in this phenomenon.
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7 Carbon Dots as “Theranostic” Particles in
Photodynamic Treatment

The following chapter describes studies on the generation of reactive oxygen species
(ROS) upon photoexcitation of C-dots. Related to this, studies on the phototoxicity of
C-dots in contact NRK cells were performed under different conditions. The occurring
phototoxicity of the particles was utilized for the development of a “theranostic” approach,
combining the C-dots unique multicolor imaging properties together with their application
as photosensitizer.

7.1 Photogeneration of Reactive Oxygen Species through
Irradiation of Carbon Dots

Generation of ROS through photoexcitation of nanoparticles and organic dyes are well
known processes and thoroughly described in literature (DeRosa et al. 2002; Chatterjee
et al. 2008). The ability of the in-situ generation of highly oxidizing molecules through these
photosensitizers is used to locally damage target tumor cells and to induce cell death in
photodynamic therapy (Dolmans et al. 2003). Carbon dots are a novel nanomaterial and
combine the morphology of nanoparticles together with the organic nature of typical
photosensitizers, such as organic dyes or aromatic hydrocarbons. Accordingly, the
possible photogeneration of ROS via C-dots is highly probable. In this direction several
reports in literature were recently made for graphene oxide (Chang et al. 2011), GQDs
(Markovic et al. 2012) and other C-dot preparations (Hsu et al. 2013; Ge et al. 2014).

Interestingly, descriptions in literature of ROS generation by C-dots are not consistent. On
the one hand, several preparations are described as highly efficient ROS generators upon
photo-excitation, using these C-dots unmodified for photodynamic therapy (Juzenas et al.
2013; Ge et al. 2014). On the other hand, several C-dot preparations are explicitly
described as non-generating these species, making the modification of these particles with
photosensitizers reasonable for photodynamic therapy approaches (Huang et al. 2012;
Choi et al. 2014; Wang et al. 2014). This emphasizes the variance of chemical species
among C-dots as a class of carbon nanomaterials and that comparisons between those
particles have to be seen critical.

For the investigation of possible ROS generation through photoexcitation of the C-dots
prepared from starch and Trp in this work, the ROS sensitive dye Dihydrorhodamine 123
(DHR) was used. This is non-fluorescent until oxidation with any type of ROS (e.g.
superoxide, hydroxyl and hydroperoxyl radicals or singlet oxygen) to form the fluorescent
Rhodamine 123. A schematic of the reaction is shown in Fig. 7.1a.
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The initial studies were performed through irradiation of DHR, C-dots and the mixture of
both in solution with a UV lamp applied for varying times. All three samples were analyzed
for their fluorescence at excitation/emission 500/530 nm, in order to detect the formation
of Rhodamine 123 or any side-effects through the long-term irradiation of C-dots and DHR,
respectively. The fluorescence intensities plotted against irradiation times are shown in
Fig. 7.1b.
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Fig. 7.1: Investigation of ROS photogeneration by C-dots. a) Reaction of the ROS selective oxidation
of the non-fluorescent DHR to the green fluorescent Rhodamine 123. b) Fluorescence intensities of 0.3
mg/mL C-dots, 4 uM DHR and their mixture, all in EBSS™, plotted as a function of irradiation time with
a UV lamp (366 nm, 2x6 W). Exc./Em.: 500/530 nm. Detector settings were kept constant for all
measurements. The data was obtained from a single experiment which was repeated three times under
slightly conditions, always resulting in particularly increasing fluorescence intensities of the “mixture”.

From the intensities in Fig. 7.1b, it may be seen that UV irradiation of pure DHR over
20 min induces no significant fluorescence intensity increases under the chosen
conditions. The same applies to the pure C-dot suspension, which exhibits only marginal
fluorescence for all irradiation times. Therefore, the plotted intensities of the C-dots in Fig.
7.1 are not visible. In contrast to this, the mixture of both shows drastic increases of the
fluorescence intensities after irradiation. The non-irradiated mixture and DHR solution
exhibit similar fluorescence intensities. As such, it may be suggested that the addition of
C-dots itself is not responsible for the intensity increase. Through the UV irradiation the
fluorescence intensity of the mixture increases linearly with the irradiation time up to a
maximum, which may be attributed to the full transformation of DHR to Rhodamine 123.
In conclusion, only the combination of C-dots together with UV irradiation induces the
formation of Rhodamine 123. Accordingly, C-dots from starch and Trp may be suggested

as efficient sensitizers, generating ROS upon photoexcitation.

However, this assay does not allow for the investigation on the mechanistic pathway of the
ROS generation. As indicated in Fig. 7.2, ROS may be generated via photoexcitation of
sensitizers, in this case C-dots, on two different pathways from excited triplet states.
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Thereby, type | results in the generation of radical and anion oxygen species, such as
superoxide, hydroxyl radicals and hydroperoxide, via electron transfer from the particles.
The type Il mechanism by contrast, represents the direct energy transfer from the
photosensitizer onto molecular oxygen, transforming triplet oxygen into singlet oxygen
(Foote 1991).
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Fig. 7.2: Schematic for the photogeneration of ROS via C-dots on two possible pathways from excited
triplet states. Type | induces the generation of ROS, such as superoxide, hydroxyl radicals and
hydroperOX|de via electron transfer onto molecular oxygen. Type Il results in the formation of singlet
oxygen ( 0,) via energy transfer onto triplet oxygen.

In order to investigate the mechanistic ROS generation pathway via photoexcitation of
C-dots, 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ADBDA) was utilized as
singlet oxygen specific dye. This dye specifically reacts with singlet oxygen, forming an
endoperoxide, as shown in Fig. 7.3a. While ADBDA is fluorescent in the VIS, the
corresponding endoperoxide formation results in the loss of this feature. As such, the
presence or generation of singlet oxygen may be investigated monitoring the dyes
absorption at 380 nm and its fluorescence at 410 nm. Among the emission peaks of
ADBDA, the one at 410 nm was chosen, since the C-dot emission contributes the least at
this wavelength. For the study, 2 uM ADBDA was mixed with 0.3 mg/mL C-dots in EBSS™
and the suspension was irradiated with a UV lamp (366 nm, 2x6 W). The absorption or
fluorescence was measured as a function of irradiation time, respectively. For control, pure
C-dot and ADBDA solutions were studied under similar conditions. The results of this study
are shown in Fig. 7.3.
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Fig. 7.3: Detection of singlet oxygen ('O,) generation via ADBDA. a) Specific molecular reaction of the
fluorescent ADBDA with singlet oxygen to its corresponding endoperoxide. b) Absorption at 380 nm and
c) fluorescence intensities at 410 nm of 0.3 mg/mL C-dots, 2 yM ADBDA and their mixture, all in EBSS™,
plotted against irradiation times with a UV lamp (366 nm, 2x6 W). Exc./Em.: 380/410 nm. Detector
settings were kept constant for all measurements. The data was obtained from two independent single
experiments.

As shown in Fig. 7.3b, the absorbance of ADBDA at 380 nm shows a linear decrease of
about 60% during 20 min of UV irradiation. This may be suggested as photobleaching
through the irradiation with UV lamp. Since the excitation maximum of the C-dots is almost
the same as for ADBDA, photobleaching may not be excluded for this experimental set-up
used here. According to this, decreases through the endoperoxide formation via singlet
oxygen should distinguish themselves by more negative slopes or exponential decreases,
in contrast to the irradiation of the pure ADBDA. The absorbance of the bare C-dots
remains at high absorption values with a slight decrease of about 10% during the
experiment. Similarly, the mixture of both, ADBDA and C-dots, also shows this linear
absorbance decrease with a slope that may be seen as the sum of the slopes from the
pure samples. Thus, no significant amounts of singlet oxygen are generated through the

UV irradiation of the C-dots.

For verification of this result, the fluorescence at 410 nm of all three samples was
measured in a second experiment, as indicated in Fig. 7.3c. There, the pure ADBDA shows
a fluorescence decrease of 55% over time due to photobleaching, which agrees in
qualitative terms with the absorption measurements. The pure C-dot fluorescence remains
at low levels with a slight decrease of 10%. Interestingly, the mixture of both shows lower
fluorescence intensities at the beginning of the experiment, compared to the pure ADBDA
solution. This might be explained by the reabsorption of the light emitted from ADBDA
through the various C-dot species. The subsequent irradiation of the mixture results in less
photobleaching of the ADBDA, indicated through the lower fluorescence decrease and the
higher intensity after 20 min of irradiation, compared to pure ADBDA. On the one hand,
the high absorption of C-dots at the irradiation wavelength of 366 nm could have protected
ADBDA from photobleaching. Moreover C-dots may have reabsorbed photons emitted by
C-dots. On the other hand, C-dots were reported in literature as antioxidant and therefore
could have acted protective towards the photobleaching of ADBDA (Christensen et al.
2011). Das et al., for example, described C-dots as in-vitro scavengers of ROS due to
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surface active hydroxyl, aldehyde, and ketone groups. These work as proton donor, able
to transfer electrons to the C-dot bulk structure. This in turn, could degrade the particles,
upon release of carbonates and bicarbonates (Das et al. 2014). However, this study was
performed with hydrogen peroxide and stays in contrast to the ROS generation of C-dots.
As such, these reports have to be seen critical and could be attributed to unique materials.

Taken together, experimental evidence indicates that the C-dots from starch and Trp tend
to act as type | photosensitizers and transfer electrons onto molecular oxygen forming
ROS in form of anions and radicals. In this behavior C-dots from starch and Trp are similar
to C-dots prepared via arc discharge of graphite rods and subsequent passivation with
PPEI-EI (Juzenas et al. 2013). The authors assign the ROS production to the generation
of electron hole pairs upon photoexcitation of the C-dots (Hoffmann et al. 1995). These
enable the formation of radical oxygen species and hydrogen peroxide via redox
processes. These ROS represent toxicants, inducing apoptosis in cells through DNA
strand brakes for example, which may be generated locally using C-dots (Oleinick et al.
1998). This and the ultrafast penetration of C-dots into mammalian cells and tissues should
make them highly suitable for the application as photodynamic therapy agent, as it is
described for the application of Q-dots as photosensitizers (Bakalova et al. 2004).
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7.2 Phototoxicity of Carbon Dots under Long-term
Irradiation

The results of the previous chapter showed that C-dots may act as photosensitizer,
generating ROS. In the following chapter this issue was further investigated through the
investigation of phototoxic effects on NKR cells exposed to long-term irradiation in
presence of C-dots in suspension and in the cytoplasm after incorporation. Furthermore,
studies on the mechanism of cell death were performed.

Phototoxicity of Carbon Dot Suspensions in Contact to NRK Cells

First studies on the phototoxicity of C-dots were performed in commercially available
8W10E ECIS arrays. Therefore, confluent NRK cells grown on the arrays were incubated
with 0.3 mg/mL C-dots in EBSS™/G and the whole wells were irradiated using a UV lamp
(366 nm, 2x6 W). Thereby, irradiated NRK cells without C-dots and non-irradiated NRK
cells with/without C-dots served as controls. Details on the experimental set-up are
described in chapter 3.6.1. Studying the effect of different irradiation time points with
respect to the start of C-dot exposure, excitation of the particles was performed 10 min
and 6 h after the incubation start, respectively. The time courses of the normalized
magnitude of the impedance at 4 kHz for both experiments are shown in Fig. 7.4.
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Fig. 7.4: Studies on the phototoxicity of C-dots in suspension with confluent NRK cells on 8W10E ECIS
arrays. Time courses of the normalized magnitude of the impedance at 4 kHz for NRK cells in EBSS™/G
with/without UV irradiation (360 nm, 2x6 W) and in presence of 0.3 mg/mL C-dots in EBSS™/G
with/without UV irradiation. a) Irradiation started after 10 min of incubation with C-dots for 10 min att =
0. b) Irradiation for 10 min started att = 6 h. The data was obtained from single independent experiments.
Comparing the time courses of the impedance for both experiments in Fig. 7.4 shows that
healthiness of the NRK cells incubated in EBSS™ is unaffected by UV lamp irradiation
only, since both control populations show similar impedance profiles over time. The cells
incubated with the C-dot suspensions without irradiation show aberrations from these

controls, indicated by increasing impedance values shortly after the incubation start and
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fluctuating impedance time courses afterwards. This may be caused by cell reactions to
the C-dots in the bulk phase which induce cell morphology changes. However, for both
experiments the NRK cells did not undergo cell death but are considered as healthy since
comparable impedance values as for the other control cell groups were monitored
throughout the studies. In contrast to this, the irradiation of the C-dot suspension on top of
NRK cells induced cell death in both cases, as indicated in Fig. 7.4a and b. While the NRK
cells irradiated 10 min after incubation, shown in Fig. 7.4a, underwent cell death in about
24 h, those irradiated 6 h after the incubation showed the same behavior in only 6 h,
demonstrated in Fig. 7.4b. This is expressed by the decreasing impedance values of the
electrodes in both studies. The reasons of this phenomenon are not fully understood.
However, two effects may play a role for the two different time courses of cell death. On
the one hand, the prolonged incubation with the C-dots might have induced preimpairment
of the NRK cells. This together with the ROS generation may lead to immediate cell death.
On the other hand, and most likely, those NRK cells incubated for 6 h with C-dots are fully
packed with the particles. As such, ROS would be generated in much higher
concentrations inside the cells, inducing cell death much faster. However, it has to be
mentioned that the irradiation with a UV lamp represents a non-focused excitation of the
particles in- and outside of the cells. Accordingly, there is no information whether cell death
is induced because of the ROS generation in the bulk phase or through accumulated C-
dots in the cytoplasm of the cells. In order to get more insight on the ROS induced cell
death of NRK cells, a different set-up was used, as described below.

Phototoxicity of Internalized Carbon Dots using Microscope Irradiation

For the investigation of C-dot phototoxicity, explicitly induced through ROS generation of
internalized particles, custom made ECIS electrode arrays using ITO as electrode material
were utilized. These allow the focused irradiation of the cell layer with an inverse
microscope since ITO represents an optically transparent and conducting material at the
same time. Further details on the experimental set-up and the preparation of these arrays
are described in chapter 3.6.3. NRK cells grown on these electrodes were loaded with C-
dots through the incubation with 1.0 mg/mL of the particles for 1 h in EBSS™/G.
Subsequently, twofold washing of the cells with EBSS™'/G was performed to ensure that
only internalized C-dots remain in the NRK cells. Those cells grown on the electrode areas
were focused and irradiated as described before. Subsequently, the time courses of the
magnitude of the impedance of these electrodes were recorded. Furthermore, the treated
NRK cells were stained with CaAM/EthD-1 after the measurement. The results of this study
are shown in Fig. 7.5

The time courses of the impedance at 16 kHz in Fig. 7.5a shows that the short-term
incubation (loading) of the NRK cells with C-dots without subsequent irradiation did not
induce cell death or harm the cells, as the impedance stays constant over time. The
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irradiated NRK cells with internalized particles by contrast underwent cell death in about 8
h for both, 3 and 5 min irradiation. This becomes apparent by the fast decreasing
impedance values for the electrodes of these cell groups.
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Fig. 7.5: Studies on the phototoxicity of C-dots which were incorporated in NRK cells with irradiation on
custom-made ECIS electrodes made from ITO. a) Time courses of the normalized magnitude of the
impedance at 16 kHz for NRK cells loaded with 1.0 mg/mL C-dots in EBSS™*/G for 1 h. Impedance was
measured for non-irradiated cells and cells irradiated on the electrode area for 3 and 5 min, respectively.
Irradiation was performed using an inverse microscope with a 10-fold objective and an UV-2A filter (330
— 380 nm) with a mercury vapor lamp as light source. b) Optical sections via CLSM through CaAM/EthD-
1 stained NRK cells after the measurement. Exc.: 488/543 nm. The experiment was performed twice
with similar results.

The micrographs in Fig. 7.5b confirm the conclusions from the ECIS measurements. For
the C-dot-loaded and non-irradiated NRK cells (0 min) only green stained cells are
observed, indicating living cells. The NRK cell layer irradiated for 3 min exhibits dead cells
in a circular area of about 200 um in diameter, while the layer irradiated for 5 min shows
an even larger area of dead cells with about 600 um in diameter. Interestingly, the wound
of the longer irradiated cell layer is bigger than the one for the shorter irradiation. This may
be assigned to reduced photon density in the outer region of the focus point of the
microscope. As such, ROS generation may be more efficient in the center of the focus and
short irradiation times only induce cell death in its center. Longer irradiation times such as
5 minutes, as used in other experiments in this work, compensate for this effect, inducing
cell death in the whole field of view of the cell layer. The fact that living NRK cells from the
periphery of the wound did not migrate into the area of the damaged cells after the
treatment may be due to elevated cell residues around the layer wound. This is indicated
by particularly brighter green fluorescing cells around the wound. These living NRK cells
are more in focus of the microscope, since they are in elevated position, in comparison to
the other cells. As shown in chapter 5.3, the short-term incubation or loading of NRK cells

with C-dots should not inhibit migration of NRK cells into an area with dead cells.

Investigations Regarding the Photo-Induced Cell Death Mechanism
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According to the previously described studies, it has been demonstrated that NRK cells
can be damaged in precisely defined areas through generation of ROS by internalized
C-dots. For a better understanding of the cellular processes involved in this photodynamic
treatment, the exact mechanism of the induced cell death was investigated. Therefore,
NRK cells were loaded with C-dots and irradiated for 5 min, as described before. After
irradiation the cells were incubated with Annexin V FITC/PI for 2.5 h (see chapter 3.4.3)
and subsequently analyzed via CLSM. The resulting multicolor micrographs of the treated
NRK cells are shown in Fig. 7.6 in different magnifications.

Fig. 7.6: Optical sections via CI+_+SM through Annexin V FITC/PI stained NRK cells after loading with
C-dots (1.0 mg/mL, 1 hiin EBSS"'/G) and 5 min UV light irradiation. Irradiation was performed using an
inverse microscope with a 20-fold objective and an UV-2A filter block with a mercury vapor lamp as light
source. Washing and examination of the cell layer was performed after 2.5 h incubation with the dyes
at 37 °C, 5% CO,. Blue channel: C-dots (exc.: 405 nm), green channel: Annexin V FITC (exc.: 488 nm),
red channel Pl (exc.: 488 nm). a) Overview with a 10-fold objective. b-d) High resolution micrographs
were recorded with a 60-fold objective. The experiment was performed twice with identical results.

The photo-wound resulting from ROS generation of the internalized C-dots, shown in Fig.
7.6a exhibits a well defined fluorescing area within the field of view. Thereby, the
fluorescing area exhibits a sharp edge on the right side, while the other side is more
heterogeneous. This is due to a not exactly planar placement of the sample with a more
efficiently induced cell death for the right side of the sample. The higher magnification of
the edge on the right side in Fig. 7.6b, shows a precise separation in the fluorescence
staining between irradiated and non-irradiated cells. While the non-irradiated living NRK
cells exhibit the typical blue luminescent cytoplasm of the C-dot staining, the irradiated
dead cells show green luminescent cell membranes with red stained nuclei. This may be
assigned to the labeling with Annexin V FITC/PI. As such, these cells are assigned as late
apoptotic cells. This would be in accordance to the observation of NRK cells undergoing
apoptosis through internally generated ROS (Guo et al. 2012). Interestingly, shorter
incubation times (0.5 and 1 h) after the photodynamic treatment did not show early
apoptotic cells, solely labeled with Annexin V FITC, but always the dual staining together
with PI, just in smaller areas of dead cells. As such, it may be possible that the
photogeneration of ROS induces loss of plasma membrane integrity, even before the cells
undergo controlled apoptosis. This enables the staining of the nuclei with Pl directly and
the labeled Annexin V may bind to phosphatidylserine even from the inside of the cell due

to free diffusion into the cytoplasm.
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The magnification of the left side of the photo-wound in Fig. 7.6c, shows that several cells
in the irradiated region do not show Annexin V FITC/PI labeling. These exhibit drastically
different morphologies in comparison to healthy cells with the blue luminescence of the C-
dots at the same time. For a closer examination of these cells, further magnified optical
sections were recorded, as shown in Fig. 7.6d. Therein several blue stained nuclei are
visible without the Annexin V FITC/PI staining. Furthermore, some of these cells exhibit all
three colors (C-dots and the apoptosis detection kit) but with only weak intensity. These
observations might be explained by the generation of ROS by C-dots trapped in
endosomes of the NRK cells which may induce the degradation of their phospholipid cage
through photooxidation of the lipids, as described in literature (Shum et al. 2001). A
schematic for the photo-induced oxidation of a phospholipid is shown in Fig. 7.7a. The
subsequent release of C-dots from endosomes due to structural changes of the
phospholipids, influencing membrane fluidity and integrity is shown in Fig. 7.7b.
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Fig. 7.7: Suggested photo-induced release of C-dots from endosomes via oxidation processes.
a) Photo-oxidation of 1,2-dipalmitoleyl-sn-glycero-3-phosphocholine, as example, inducing structural
changes and crosslinking of the fatty acids. b) Schematic for the release of C-dots from endosomes
after photo-oxidation of membrane phospholipids. Structural changes of the phospholipids enable
leakage of the C-dots to the outside of endosomes. (Shum et al. 2001)

Thereupon, the C-dots could freely enter the cell nuclei and bind to their DNA, before the
cells are completely permeabilized by ROS generation throughout the cells. As such, the
cells are stained from the inside by the internalized particles in very early stages of
programmed cell death, even before the Annexin V FITC labeling. This of course only
applies for cells, which were not exactly in focus of the irradiation as it is the case in this
study. The photo-induced release of C-dots from endosomes was studied on liposomes

for further verification of this theory as described later.

Asides from the not entirely completed photo-induced cell death, the ability of the selective
staining of dying NRK cell nuclei by internalized C-dots, serves as basis for the theranostic
approach with the particles, described in chapter 7.3.

Photo-Induced Release of C-dots from Liposomes
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For a better understanding of the processes upon irradiation of incorporated C-dots in
mammalian cells, liposomes with encapsulated C-dots (see chapter 3.2.3, high conc.)
were used as models for endosomes. These were irradiated in suspension with a UV lamp
(366 nm, 2x6 W) for increasing times and the fluorescence of the suspension was analyzed
with exc./em. at 360/465 nm. The outcome of this experiment was compared to non-
irradiated liposomes and SDS (20 mM) lysed versions, analog to the studies in Fig. 4.24b.
The low intensities of the non-irradiated liposomes were assigned as 0% lysed, while the
high intensities for the SDS treated ones were assigned as 100% lysed. Due to a reversal
of the self-quenching of the particles, the lysis of liposomes results in higher fluorescence
intensities. According to this calculation basis, the irradiation of the liposomes resulted in
the following lysis rates: 5 min: 2.1%, 10 min: 6.9% and 20 min: 5.4%. As such, the UV
lamp irradiation induced the lysis of liposomes or a partial loss of the liposome membrane
integrity. In the case of these liposomes, most likely the photo-oxidation of the cholesterol
in the artificial membrane could have induced the release of C-dots (Suwa et al. 1978).
This is in accordance with speculations about the photo-release of the C-dots inside living
cells from endosomes. Furthermore, the focused irradiation with a microscope, as applied
in the cell experiments, much more efficient for the ROS generation and the subsequent
photo-oxidation of the endosome phospholipids. As such, the release of the particles
should be even more likely.
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7.3 “Theranostic” Approach Based on the Photodynamic
Treatment and Imaging of Mammalian Cells

In earlier experiments it was shown that the nuclei of NRK cells undergoing cell death
through ROS generation by internalized C-dots are selectively stained by the particles from
the inside. This ability was used for the development of a “theranostic” approach,
combining photodynamic treatment of target cells and imaging of cell viability via CLSM
as a diagnostic control.

The principle relies on loading of the NRK cells via short-term incubation and washing for
the removal of external particles. Focused excitation of the internalized C-dots enables
photo-generation of ROS inside the cells, inducing apoptosis in target cells. The
simultaneous release of C-dots, most likely through photo-oxidation of endosomes,
enables the particles to enter the cell nuclei. Thereby, the internalized C-dots undergo an
emission red-shift upon binding to the DNA, as described before for particles in the bulk
phase, and therefore give evidence on the physical condition of the cells. Cell death may
be controlled via imaging of the sample by CLSM, distinguishing between living and dead
cells by the characteristic C-dot emission. A schematic for the principle of the approach is
shown in Fig. 7.8.

Incubation Washing Excitation Apoptosis

Fig. 7.8: Schematic for the principle of a “theranostic” approach for the targeted photodynamic treatment
of living cells and a subsequent diagnostic control using C-dots.

The theranostic approach was carried out on confluent NRK cells. These were loaded with
C-dots and irradiated as described in chapter 3.8. Non-incubated NRK cells served as
control to exclude the possibility of cell damage caused by irradiation itself. After 1 h at 37
°C, 5% CO,, the NRK cells were analyzed in the irradiated field of view via phase contrast
microscopy and CLSM. The resulting micrographs are shown in Fig. 7.9.

The phase contrast micrographs in Fig. 7.9a show that the irradiation of non-loaded NRK
cells leaves the cells unharmed after the treatment. In contrast to this, a sharply delimited
region of dead cells with significant morphology changes is observed for the C-dot-/loaded
NRK cells. As such, the irradiation under the chosen conditions is considered as non-
invasive, while only the photogeneration of ROS through internalized C-dots induces cell
death in target cell regions.
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Fig. 7.9: Large area theranostic approach on NRK cells loaded with C-dots after epiluminescence
microscope irradiation. a) Phase contrast micrographs of C-dot-loaded (1.0 mg/mL, 1 h, in EBSS™/G)
and non-loaded NRK cells after 5 min UV light irradiation. Irradiation was performed using an inverse
microscope with a 20 fold objective and an UV-2A filter block with a mercury vapor lamp as light source.
b-e) Optical sections through the treated NRK cells 1 h after irradiation while cells were kept at 37 °C,
5% CO.. b) Overview of the treated cells with a 10-fold objective. c-e) High resolution micrographs of
sections of the treated cells with a 60-fold objective. Excitation wavelengths are denoted in the
micrographs. RGB detector settings were kept constant.

The photo-induced wound of the cell layer was analyzed via CLSM upon excitation with
488 nm, as shown in Fig. 7.9b. Exactly those cells show green luminescence that were
irradiated and underwent cell death. As such, the internalized C-dots did not only allow the
photodynamic treatment of target cell areas, but they also indicate apoptosis of the NRK
cells. Higher magnified optical sections were recorded on different sites of the cell wound
with excitation at 405 and 488 nm, as well as the simultaneous excitation with both lasers.
These allow a detailed examination of the cells after the treatment and are shown in Fig.
7.9c-e. In the micrographs of Fig. 7.9c, most interestingly, small luminescent structures in
a size between 1 and 3 ym are observed besides several green stained nuclei of dead
cells. These are present at several sites of the wound and appear bright blue upon
excitation at 405 nm, orange at 488 nm and brightly white for the simultaneous excitation.
Since the ROS induced cell death mechanism is suggested to be apoptosis, these small
structures are assumed to be apoptotic bodies, resulting from the photodynamic treatment.
The different coloration and particular brightness of the apoptotic bodies may be explained
by a relatively high C-dot concentration pinched off into these vesicles and not being bound
to DNA. Magnifications of the left and right side of the photo-generated wound of the cell
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layer, respectively are shown in Fig. 7.9d and e. The right side exhibits a sharp delimitation
with different coloration for non-irradiated and irradiated NRK cells. While the
photodynamic treated and dead cells show the typically green stained nuclei with excitation
upon 488 nm, non-irradiated and living cells exhibit a blue luminescent cytoplasm upon
excitation at 405 nm. The simultaneous use of both lasers allows the determination
between the treated and non-treated area. On the left side of the wound, the transition
between living and dead cells appears more fluent. This may be assigned to several cells
which were not in the focal plane undergoing the photodynamic treatment due to an
uneven illumination of the sample.

In summary, the “theranostic” approach combining photodynamic treatment of target cell
areas and subsequent diagnostic control via CLSM may be performed using
epiluminescence microscope irradiation. The principle only relies on internalized C-dots,
as shown in the schematic of Fig. 7.8. Thereby, the effect of photodynamic treatment could
clearly be assigned to the irradiation of internalized C-dots generating ROS. Side effects
through the solely irradiation (Fig. 7.9a) or the incorporation of the particles (Fig. 5.3 and
Fig. 7.5b) could be excluded. The usage of bare C-dots for photodynamic treatments is a
big advantage in comparison to established techniques utilizing nanoparticles, since these
afford modifications or complex conjugates. The nanoparticles are often only delivery
vehicles for organic photosensitizers into the cells (Bechet et al. 2008). C-dots by contrast
may be easily prepared and combine water-dispersibility, cellular uptake, ROS generation
and the ability for fluorescence imaging in diagnostics.

Photodynamic Treatment using Carbon Dots on Single Cell Level

Since ROS generation and photo-induced cell death is dependent on local irradiation of
internalized C-dots, high-resolution techniques for the photodynamic treatment on single
cell level were investigated. Therefore, NRK cells were loaded with C-dots as described in
chapter 3.8. These were heated with a thermostat maintaining 37 °C during CLSM imaging
and treatment of the cells. After analysis, a small region of interest with a delimited number
of cells was chosen with digital zoom and irradiated for 5 min by continuously scanning
this region with a 405 nm laser. Subsequently, the cells were kept at 37 °C for 1 h without
changing the imaging position of the sample. Thereupon, the NRK cells were analyzed
again with similar settings as before the continuous laser scanning of the target cells. The
corresponding optical sections of this study are shown in Fig. 7.10.

The micrograph in Fig. 7.10a shows C-dot-loaded NRK cells in unharmed morphology with
blue cytoplasmic luminescence prior to the photodynamic treatment. The white marked
region was irradiated by continuous laser scanning and the corresponding micrograph is
shown in Fig. 7.10b. In this region six NRK cells loaded with C-dots are located with their
full cell body and further cells by parts in the periphery. After 1 h at 37 °C, morphology
changes and a differing fluorescence emission can observed for NRK cells in the irradiated
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region, as indicated in Fig. 7.10c. Thereby, the cells disintegrated junctions with
surrounding non-irradiated and living cells. Furthermore, the cells show the typical
morphology of apoptotic cells together with green luminescent nuclei. As such, the photo-
generation of ROS through internalized C-dots did not only induce apoptosis but also led
to binding of the particles to cellular DNA as a result of the continuous scanning with the
405 nm CLSM laser. This observation is in accordance with the studies upon irradiation
with the epiluminescence microscope described before.
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Fig. 7.10: Optical sections through NRK cells that had undergone the theranostic approach on single
cell level via CLSM using incorporated C-dots. The cells were loaded with C-dots (1.0 mg/mL, 1 h, in
EBSS™/G) prior to irradiation. a) NRK cells before irradiation. The marked cells were focused using a 4
fold digital zoom. b) Selected NRK cells irradiated for 5 min using the 405 nm laser with 256x256 pixel
resolution. ¢) NRK cells 1 h after irradiation during which cells were kept at 37 °C using a thermostat.
The marked area is magnified in (d). d) Selected NRK cells 1 h after irradiation. Exc. 405/488 nm and
RGB detector settings are constant for all micrographs. The experiment was performed three times with
different irradiation areas, obtaining similar results for the irradiated area.

The two-fold digital zoom in Fig. 7.10d allows for a better comparison of the NRK cells
before and after the irradiation. Conclusions from preceding chapters are confirmed.
Following the fate of single cells is possible as the cells, before and after the treatment,
still are in similar position relative to each other. Additionally to the six NRK cells completely
irradiated, several cells at the left and right underwent apoptosis, since ROS were
generated in parts of these. Those cells exhibit the same morphology changes and green

stained nuclei as completely irradiated ones.

159



Carbon Dots as “Theranostic” Particles in Photodynamic Treatment

In conclusion, it was shown that the irradiation by the 405 nm laser during scanning via
CLSM also enables the theranostic approach with C-dots on single cell level. Thereby,
selected cells may be exposed to the photodynamic treatment and the successfully
induced apoptosis may be controlled via imaging without addition of reagents or changes
of the set-up. Thereby, the smallest possible treatment area is only delimited by the field
of view during irradiation. As such, even fewer numbers of neighboring NRK cells may be
treated with C-dots in the combined theranostic approach, as shown in Fig. 7.11.

Fig. 7.11: Optical sections through NRK cells that had undergone a highly selective theranostic
approach on single cell level via CLSM using incorporated C-dots. The cells were loaded with C-dots
(1.0 mg/mL, 1 h, in EBSS™/G) prior to irradiation. a) NRK cells before irradiation. The marked cells were
focused using a 6 fold digital zoom. b) Selected NRK cells irradiated for 5 min using the 405 nm laser
with 256x256 pixel resolution. ¢) NRK cells 1 h after irradiation during which cells were kept at 37 °C
using a thermostat. Exc. 405/488 nm and RGB detector settings are constant for all micrographs. The
experiment was performed three times with different irradiation areas, obtaining similar results for the
irradiated area.

Hereby, NRK cells were treated similarly as described before, just with the application of
a higher digital zoom. Among the blue luminescent, healthy and C-dot-loaded NRK cells
in Fig. 7.11a, four cells were chosen via six-fold digital zoom, as indicated by the white
marked area. These are shown in Fig. 7.11b, and they were irradiated by continuous
scanning with the 405 nm laser for 5 min. The analysis of the cell layer after 1 h at 37 °C,
in Fig. 7.11c, shows that exactly those NRK cells underwent cell death, indicated by the
green fluorescence of their nuclei, which were irradiated. Again neighboring cells on the
right periphery did also undergo cell death, possibly due to partial irradiation of the cell
body. As such, the technique utilizing CLSM for irradiation may be delimited in this respect,
since the cell death of neighboring cells may not be excluded with the chosen set-up. In
further experiments, it was not possible to induce cell death in just one single cell through
higher digital zoom factors, as other cells around the target. Besides the irradiation area,

diffusion of ROS out of the field of view could induce apoptosis of surrounding cells.

In summary, it was shown that the unique optical properties as well as the photogeneration
of ROS by C-dots from starch and Trp enable a “theranostic” approach in the treatment of
adherent cells. Thereby, livings cells with internalized C-dots may selectively undergo
photoinduced apoptosis through local ROS generation. The irradiation may be performed
via epiluminescence microscopy or CLSM depending on the intended resolution.
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Additionally CLSM imaging allows the diagnostic control of cell death through the emission
shift from a blue cytoplasm to green nuclei.

Photodynamic Treatment of MCF-7 Multicellular Spheroids using Carbon Dots

The theranostic approach with C-dots, combining selective photodynamic treatment and
imaging of mammalian cells grown in monolayer was demonstrated in the previous
chapter. However, photodynamic therapy approaches are developed for the application on
tumors in living organisms in order to cure cancer. Those tumors are three-dimensional
cell clusters and tissues, which should be specifically targeted in therapy approaches. In
order to investigate the applicability of C-dots as “theranostic’ agent for tumors,
photodynamic therapy and subsequent imaging was performed on MCF-7 MCS, grown for
7 days, as breast cancer tumor model. Therefore, MCS were incubated with 1.5 mg/mL C-
dots in EBSS™/G for 2 h at 37 °C, 5% CO,. Subsequently, the MCS were washed twice
with EBSS™/G and irradiated for 10 min using an inverse microscope with a 10 fold
objective and an UV-2A filter block with a mercury vapor lamp as light source. Afterwards,
the MCS were kept at 37 °C with 5% CO, atmosphere for 4 h, before microscopic analysis.
Untreated MCS in EBSS™/G served as control, as well as non-irradiated MCS loaded with
C-dots and UV irradiated MCS without C-dots. Phase contrast micrographs before the
treatments and 4 h afterwards are shown in Fig. 7.12.

Control C-dots uv C-dots/UV

Fig. 7.12: Phase contrast micrographs of MCF-7 MCS (grown for 7 d) before and 4 h after the
photodynamic treatment with C-dots “C-dots/UV”. Untreated MCS denoted as “Control”, C-dot loaded
MCS without UV irradiation are denoted as “C-dots”, irradiated MCS without C-dots are denoted as
“UV”. This experiment was performed twice with at least two samples per group, yielding identical
results.

Phase contrast micrographs in Fig. 7.12, show that the morphology of the untreated MCS
does not change over time. Similarly, the loading with C-dots and the application of UV
irradiation to particle-free MCS did not induce morphology changes, comparing the
micrographs before and afterwards. Thus, the loading with C-dots and the long-term
irradiation of the MCS does not induce significant toxic effects. In contrast to this, the long-

term UV irradiation of C-dot loaded MCS induced drastic morphology changes. Before the
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treatment the MCS had a size of about 450 um with sharply defined borders, indicating
smooth and healthy MCF-7 cells on the periphery of the MCS. After the treatment, the
MCS expands laterally with fuzzy borders. A vast number of round-shaped cells detach
from the MCS and the density of the MCS is reduced. This indicates that the MCF-7 cells
undergo cell death, degrade cell-cell junctions and round off from the cell network.
Accordingly, the selective photodynamic treatment with C-dots proven in cell monolayer is
also applicable to 3D cell formations. As such, the C-dots from starch and Trp could be
promising photodynamic therapy agents for the application on tumor tissues in cancer
therapy, as recently shown in literature for a different C-dot preparation (Ge et al. 2014).

In further investigations, the diagnostic part of the “theranostic” approach with C-dots was
performed via CLSM analysis of the MCF-7 MCS. Therefore, the photodynamically treated
MCS, as well as three different control groups were imaged via CLSM with laser excitation
at 405 nm, 488 nm and simultaneously 405/488 nm. The resulting optical sections of the
MCF-7 MCS are shown in Fig. 7.13.

Control C-dots C-dots/UV

405/488 nm

Fig. 7.13: Optical sections through MCF-7 MCS via CLSM, 4 h after the photodynamic treatment with
C-dots “C-dots/UV”. Untreated MCS are denoted as “Control”, C-dot loaded MCS without UV irradiation
are denoted as “C-dots”, and irradiated MCS without C-dots are denoted as “UV”. Exc. wavelengths are
denoted in the micrographs. RGB detector settings were kept constant.

The CLSM imaging of the untreated MCS (“Control”) and the irradiated ones without C-dot
loading (“UV”), in Fig. 7.13, do not show fluorescence with excitation at 405 and 488 nm.
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Only the simultaneous excitation with both lasers shows marginal auto-fluorescence from
the MCS under these optimized conditions. As such, fluorescence detected from the MCS
loaded with C-dots, can only arise from the particles. The non-irradiated MCS loaded with
C-dots (“C-dots”) exhibit bright blue luminescence upon excitation at 405 nm, indicating
mostly living MCF-7 cells with low concentrations of incorporated C-dots. Furthermore, the
excitation at 488 nm shows a few green luminescence spots, resulting from the staining of
dead cells nuclei inside the MCS. This phenomenon was already observed for intact MCF-
7 MCS and described in chapter 6.3. Thus, the non-irradiated MCS Joaded with C-dots,
undergo the procedure largely unharmed. The observation of a limited number of dead
cells inside the MCS is common for MCS or cell monolayers in vitro.

In contrast to the controls, the photodynamically treated MCS shows a very different
fluorescence emission upon laser excitation, apart from their drastically changed
morphology. As such, upon 405 nm laser excitation light green emission is detected from
the inside of the MCS, resulting from a red-shifted emission in dead cells’ nuclei.
Furthermore, blue luminescence is detected throughout the whole MCS. However, this has
lower intensities than from the non-irradiated MCS and may be assigned to entrapped
remnants of C-dots inside the MCS. The excitation at 488 nm clearly reveals the
physiological status of the spheroids’ MCF-7 cells. As such, green luminescent nuclei are
observed throughout the whole MCS. Interestingly, highest intensities occur on the
periphery of the spheroid, which can be assigned to less reabsorption of light from
surrounding tissues on the one hand. On the other hand, dead cells round off from the
spheroid, detach from its border and therefore are particularly well detectable. The
excitation with both lasers combines the collected information and emphasizes the
suggestion of cell death induction throughout the MCS, with highest green intensities from
dead MCF-7 cell nuclei.

According to the results of this study, C-dots are capable of mediating cell death
throughout a three dimensional MCF-7 breast cancer tumor model. Furthermore, the
success of the treatment can be observed via a changed emission behavior from the MCS
dead cells via CLSM imaging. Multifunctional nanoparticles for the treatment and imaging
of tumors are highly relevant for clinical applications (Cheng et al. 2012). The “theranostic”
approach using C-dots represents a novel application of nanoparticles for the combined
photodynamic treatment of whole MCS and diagnosis of the treatment success.
Photodynamic therapy of spheroids with TiO, nanoparticles, for example, affords
passivation with hydrophilic polymers in order to induce water-dispersibility. Furthermore,
analysis of success of the treatment relies on the subsequent application of organic dyes,
such as Annexin V and Propidium iodide (Yamaguchi et al. 2010). Q-dots also lack water-
dispersiblity. For their application in diagnosis and therapy of tumors or spheroids, delivery
vehicles (often in large dimensions) such as liposomes are necessary (Azzazy et al. 2007).
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The fact that C-dots do not afford such modifications for therapy and diagnosis applications
represents a promising advantage.

Although the studies of the photodynamic treatment of MCS using C-dots are on the level
of fundamental research, C-dots are expected to be promising theranostic agents for the
treatment of tumors tissues in the cancer therapy of living organisms.
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8 Summary and Outlook

8.1 Summary

The hydrothermal preparation of N-doped C-dots from starch and L-tryptophan which was
developed and optimized represents a simple and sustainable synthetic method to obtain
a highly interesting carbon nanomaterial for bioanalytical applications. These particles
exhibit a size distribution between 0.5 and 4.5 nm with an average size of (1.6 £0.8) nm.
They furthermore show a high functionalization with oxygen containing-groups, remnants
from the precursor molecules, which renders them highly water-dispersible. This is in
accordance to the elemental composition of 44.9% C, 6.1% H, 1.1% N and 47.9% O. The
experimental evidence suggests that mainly hydroxyl and carboxyl groups cover the
C-dots surface, resulting in a slightly negative charged surface with a zeta potential of (-9.3
+ 3.5) mV at physiological pH.

Based on the functionalization with different chemical groups on the surface, the C-dots
are incorporated into mammalian cells in a time range of minutes via endocytosis.
Probably, the particles are internalized via unspecific pinocytosis due to their ultra-small
size, inducing vesicle-mediated incorporation. Receptor-mediated endocytosis cannot be
excluded, but is not suggested due to the high selectivity of the receptors. In addition to
this, hints indicating further uptake mechanisms such as simple diffusion across the
membrane have been gathered. The ultra-small dimensions of these nanoparticles,
together with their unique surface may be responsible for the high translocation rates
through cell layers observed for several mammalian cell lines. The high penetration rates
and the ultra-fast uptake into cells outline the applicability of these C-dots as probes or
contrast agents for imaging studies.

Biocompatibility is a necessary criterion for the utilization of this novel nanomaterial in cell
imaging. The verification of this quality presented a mixed picture for the C-dots. Thereby,
cytotoxicity evaluations clearly showed a “critical concentration” of about 1.1 mg/mL for the
long-term incubation of NRK cells over days. Higher particle concentrations induced
apoptosis among the cells, while lower concentrations left the NRK cells mostly unaffected.
Furthermore, cell adhesion, proliferation and migration were dose-dependently delayed in
permanent presence of the particles. However, the staining and /oading of NRK cells as
necessary for the developed applications requires only shortest incubation times in the
range of minutes. Thus C-dot stained NRK cells did not show any sign of cytotoxicity.
Additionally, migration, as example among impairments of cell behavior, showed only
marginal affection for such loaded NRK cells. Accordingly, C-dots may be considered as
biocompatible, based on the right choice of concentration and incubation time (typically
1.0 mg/mL for 30 — 60 min) for the respective application.
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A thorough investigation of the C-dots optical properties revealed unique features of this
novel material. AQueous C-dot suspensions typically exhibit quantum yields of (25.1 + 2)%.
This is about thirty-fold higher than quantum yields of undoped C-dots from starch and
may be attributed to the N-doping through the addition of Trp. Since the addition of Trp
inducing the formation of larger particles, the amino acid most likely also enables the
formation of highly emissive species. Low concentrated suspensions of the N-doped C-
dots have their excitation maximum at about 370 nm and exhibit bright blue luminescence
with an emission maximum at about 450 nm. Fluorescence is heavily concentration
dependent and the excitation wavelength can be varied presumably leading to emission
from different C-dot species. Increasing particle concentration in aqueous suspension is
suggested to induce reabsorption of emitted light and/or self-quenching among the
emitting species. This results in red-shifted fluorescence emission for higher C-dot
concentration. The studies of the particles fluorescence at the excitation wavelengths of
the CLSM laser wavelengths 405, 488 and 543 nm showed that this phenomenon might
be used for the tracking of local concentrations of C-dots via imaging. Bright blue emission
is observed for low concentrations at 405 nm excitation. High particle concentrations result
in an emission-shift from blue to green with excitation at 405 nm. Furthermore, the green
emission upon excitation at 488 nm becomes most prominent.

These spectral characteristics can be documented nicely by, utilizing C-dots as
fluorescence contrast agent for the imaging of mammalian cells via CLSM. Thereby, local
accumulation of C-dots was concluded from the red-shifted fluorescence emission of the
particles in suspension at higher concentrations. Similarly to the studies in suspension, the
emission shifts from blue to green upon particle accumulations for excitation at 405 nm.
Furthermore, the emission intensities rise for higher particle amounts upon excitation at
488 and 543 nm. Living cells were shown to take up C-dots in low concentration mostly
via endocytosis, resulting in a blue luminescent cytoplasm upon 405 nm laser excitation,
with most of the particles entrapped in vesicles. Dead cells by contrast, exhibited green
luminescent nuclei with highest intensities under excitation with the 488 nm laser. This
may be attributed to the accumulation of C-dots in the cell nuclei through binding to DNA,
resulting in the emission shift. Cells that have lost plasma membrane integrity and
underwent cell death enable the direct contact between their nuclei and the bulk phase.
As such, C-dots, being not entrapped in vesicles may freely diffuse through the nuclear
pore complex and accumulate therein. Furthermore, the binding between C-dots and the
DNA is suggested to change the emission properties of the particles, which also
contributes to the different coloration.

Utilizing both lasers, the 405 nm laser for the blue luminescence of living cells cytoplasm
and the 488 nm laser for the dead cells nuclei, allowed the application of C-dots within a
Live-Dead-Assay. This gives the same information as commercial available staining kits
to distinguish between living and dead cells via imaging. Having proven the independency
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of the C-dot based readout from the cell death inducing toxicant, the C-dots can
furthermore be utilized for the determination of ECsy values for a selected toxicant via
CLSM imaging. Thereby, the ratio between the green and blue fluorescence intensities at
the respective laser excitation could be used as measure for cytotoxicity. The method may
be applied on cytotoxicity evaluations for several mammalian cell lines. For NRK cells
treated with tBuOOH, for example, the green/blue intensity ratio changed from about 0.1
for healthy cells to about 1.5 for completely dead cells. Additionally, it could be shown that
the utilization of the C-dot staining of living and dead cells is not limited on CLSM, but can
also be analyzed via FACS. Besides cytotoxicity evaluations, C-dots might be used for the
imaging of living and dead cells in MCS as tissue models. As such, also the application of
the particles in tissues seems promising.

Besides luminescence, the C-dots were found to effectively generate reactive oxygen
species (ROS) upon long-term photo-excitation. Thereby, the particles combine every
necessary requirement for a photodynamic therapy agent: good water-dispersibility, fast
internalization into cells and efficient ROS generation. This was used to selectively subject
NRK cells to photodynamic treatment through the photo-excitation of both, C-dots in the
bulk phase and internalized particles. It was demonstrated that besides near-UV, also the
blue light irradiation may cause phototoxicity. As such, irradiation conditions of applications
using C-dots as photodynamic agents are variable. The photogeneration of ROS by
internalized C-dots is suggested to result in oxidation of the phospholipids of the vesicles
surrounding the incorporated particles. As such, C-dots are suggested to be released from
endosomes and generate ROS throughout the whole cell. This induces cell death via
apoptosis, which was proven through Annexin V binding studies. Interestingly, released
cell-internal C-dots were observed to stain the nuclei of dying cells from the inside even
before Annexin V bound to those cells membranes.

In a theranostic approach with C-dots, the particles’ ability to stain dead cells’ nuclei from
the inside together with cell death inducing ROS generation upon photo-excitation was
combined. NRK cells were loaded with C-dots through short-term incubation. Target cells
were subjected to controlled photodamage via photo-excitation of internalized C-dots for
several minutes. This could be performed on large cell areas via epiluminescence
microscopy with UV excitation (330 — 380 nm) and on single cell level via CLSM laser
excitation at 405 nm. The subsequent analysis of the cells via CLSM allows the explicit
control of the treatment through the changed optical properties of the internalized C-dots
for dead cells. Thereby, the internalized C-dots undergo the same red-shift through binding
and accumulation in the cells’ nuclei DNA as described for the C-dot staining from the bulk
phase. Non-treated NRK cells exhibit a blue luminescent cytoplasm, upon 405 nm
excitation, while the nuclei of those cells subjected to the photodynamic therapy appear
green with 488 nm excitation. Accordingly, the C-dots do not only allow the active therapy
of target cells, but also diagnosis on the effort of the treatment — theranostic. Studies on

167



Summary and Outlook

MCF-7 MCS as breastcancer tumor models showed that this approach may also be
applied on such large cell aggregates. Therefore, C-dots have to be considered as
promising theranostic agents in cancer therapy of living organisms.

In side projects of this work, the C-dots were embedded into other nano-sized structures
and chemically modified in order to demonstrate possible applications of the particles.
Among these, the embedding into agarose nanoparticles was utilized for the optical
observation of osmolarity changes based on fluorescence self-quenching in confined
volumes. Thereby, fluorescence intensity increases of 15% were observed for the addition
of 1 M osmolyte. Although this represents a poor sensitivity, the experiments show a
fundamental possibility for future applications of the particles. Additionally, liposomes were
investigated as transport vehicles for C-dots into NRK cells. Thereby, internalization of the
particles was observed, most likely through a different uptake-mechanism, compared to
free C-dots. These studies may be considered as first steps towards the incorporation into
target cells. Also the chemical modification of the C-dots is meant to show principle
application possibilities for the particles. The modification with oleic acid drastically
changed the physicochemical and optical properties of the C-dots. As such, the binding to
DNA, for example, is unlikely and not observed. Although, the applied thionyl chloride
chemistry may be considered as harsh, this modification route may be utilized for
promising surface modifications of the particles.

Concerning the inconsistencies in literature, several differences between the bottom-up
prepared C-dots and the top-down prepared GQDs with respect to physicochemical and
optical properties have been elaborated, to clearly differentiate between both materials. At
first, morphology of both materials was found to be highly diverse. As such, C-dots are
quasi-spherical in shape with only a few nanometers in diameter and suggested to be
mostly amorphous. By contrast, GQDs exhibit flake-like structures with similar heights, but
in lateral dimensions of 5 — 25 nm. Furthermore, GQDs are suggested to mostly consist of
graphitic carbon, since the precursor material is graphite. Both materials have shown to
exhibit fluorescence emission shifts with variation of the excitation wavelengths. However,
C-dots seem to have only a few major emissive species dominating their optical properties.
By contrast, GQDs exhibit a direct correlation between excitation an emission. As such,
GQDs may contain an infinite variety of emissive sites. In conclusion, both materials are
closely related to each other concerning composition and functionalities, but clearly have
their differences. Accordingly, a differentiation between both materials, C-dots and GQDs,
is advisable.
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8.2 Zusammenfassung auf Deutsch

Die Entwicklung und Optimierung der hydrothermalen Praparation von N-dotierten C-dots
aus Starke und L-Tryptophan (Trp) stellt eine einfache und nachhaltige synthetische
Methode dar, um ein fir bioanalytische Anwendungen hochinteressantes, Kohlenstoff-
nanomaterial zu gewinnen. Diese Partikel besitzen eine GrdéRenverteilung zwischen
0.5 und 4.5 nm mit einer DurchschnittsgroRe von (1.6 £ 0.8) nm. Desweiteren weisen sie
eine hohe Dichte an sauerstoffhaltigen chemischen Gruppen auf, welche Rickstande der
Vorlaufermolekile sind und die Partikel aufl3erst gut Wasser-dispergierbar machen. Dies
ist in Ubereinstimmung mit der elementaren Zusammensetzung von 44.9% C, 6.1% H,
1.1% N and 47.9% O. Die Experimente deuten darauf hin, dass hauptsachlich Hydroxyl-
und Carboxyl-Gruppen die Oberflache der C-dots bedecken, was sich in einer leicht
negativ geladenen Oberflache bei physiologischem pH mit einem Zeta-Potential von (-9.3
+ 3.5) mV, niederschlagt.

Erklarbar durch die vermutete Funktionalisierung mit verschiedensten chemischen
Gruppen auf der Oberflache der C-dots, werden diese innerhalb von Minuten von
tierischen Zellen durch Endozytose aufgenommen. Hochstwahrscheinlich werden die
Partikel aufgrund ihrer geringen Grolde, unspezifisch mittels Pinozytose Uber Vesikel in die
Zellen aufgenommen. Eine Rezeptor-vermittelte Endozytose kann dabei nicht
ausgeschlossen werden, erscheint aber unwahrscheinlich wegen der hohen Selektivitat
der Rezeptoren. Zusatzlich wurden Indizien auf weitere Aufnahmemechanismen, wie
einfache Diffusion Uber die Zellmembran, beobachtet. Die dul3erst geringe Dimension der
Nanopartikel, gemeinsam mit ihrer einzigartigen Oberflache, durften fur die schnelle
Translokationsraten durch Zellschichten verantwortlich sein, welche fir verschiedene
tierische Zelllinien beobachtet wurde. Die hohen Durchdringungsraten und die ultra-
schnellen Aufnahme in Zellen unterstreichen die Anwendbarkeit der C-dots als Sonden
oder Kontrastmittel fir bildgebende Studien.

Biokompatibilitat ist ein notwendiges Kriterium fir die Anwendung jedes neuen
Nanomaterials fur bildgebende Zelldiagnostik. Die Verifizierung dieser Bedingung ergab
ein gemischtes Resultat flir die C-dots. Dabei zeigten Zytotoxizitdtsmessungen eine
eindeutig kritische Konzentration von ungefahr 1.1 mg/mL fir die Langzeit-Inkubation von
NRK Zellen Gber mehrere Tage. Hohere Partikel-Konzentrationen fuhrten zu Apoptose
unter den Zellen, wahrend niedrigere Konzentrationen die NRK Zellen weitestgehend
unbeeinflusst lielRen. Desweiteren wurden Zell-Adhasion, -Proliferation und -Migration
proportional zur C-dot Konzentration verzdgert, bei permanenter Aussetzung den Partikeln
gegenuber. Jedoch bendtigen die Farbung und die Beladung von NRK Zellen, wie sie fur
die entwickelten Anwendungen verwendet werden lediglich Inkubationszeiten von
wenigen Minuten. Auf diese Weise behandelte NRK Zellen zeigten keine Anzeichen von
Zytotoxizitat. Desweiteren wurde die Migration, als Beispiel eine Beeintrachtigung des
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Zellverhaltens, von auf diese Weise beladenen NRK Zellen nur marginal beeinflusst
Folglich kénnen die in dieser Arbeit beschriebenen C-dots unter den gegebenen
Expositionsbedingungen als biokompatibel bezeichnet werden. Dies basiert auf der
richtigen Wahl von Konzentration und Inkubationszeit (i.d.R. 1.0 mg/mL fur 30 — 60 min)
fur die jeweilige Anwendung.

Eine grindliche Untersuchung der optischen Eigenschaften der C-dots ergab einzigartige
Eigenschaften dieses neuen Materials. Dabei weisen wassrige C-dot Suspensionen
typischerweise eine Quantenausbeute von (25.1 + 2)% auf. Dies ist ungefahr 30-mal héher
als Quantenausbeuten von nicht-dotierten C-dots aus Starke und durfte auf die N-
Dotierung durch das Hinzufligen von Trp zum Reaktionsansatz zuriickzufiuhren sein. Da
die Zugabe von Trp auch mit der Formation von groReren Partikeln zusammenhangt,
diurfte die Aminosaure hdchstwahrscheinlich auch die Bildung von stark emittierenden
Spezies begunstigen. Niedrig konzentrierte Suspension von N-dotierten C-dots haben ihr
Anregungsmaximum bei ungefahr 370 nm und weisen blaue Lumineszenz mit einem
Emissionsmaximum bei etwa 450 nm auf. Die Fluoreszenz ist konzentrationsabhangig und
die Anregungswellenlange kann Uber einen weiten Wellenlangenbereich variiert werden,
was zur Emission von unterschiedlichen C-dot Spezies fuhrt. Eine Erhéhung der Partikel-
Konzentration in wassriger Suspension fuhrt vermutlich zu Reabsorption von emittiertem
Licht und/oder zu Selbst-Léschung unter den verschiedenen emittierenden C-dot Spezies.
Dies fuhrt zu einer Rot-Verschiebung der Fluoreszenz-Emission flr hdhere C-dot
Konzentrationen. Untersuchungen der Partikel-Fluoreszenz bei den Wellenlangen der
Laser des verwendenden CLSMs von 405, 488 und 543 nm zeigten, dass dieses
Phanomen dazu genutzt werden kann um C-dot Verteilungen durch
Fluoreszenzmikroskopie nachzuweisen. Dabei kann intensiv-blaue Emission fur niedrige
Konzentrationen bei 405 nm beobachtet werden. Hohe Partikel-Konzentrationen fuhren zu
einer Emissions-Verschiebung von Blau nach Grin bei Anregung mit 405 nm. Zusatzlich
wird die grine Emission bei Anregung mit 488 nm am intensivsten.

Die Verwendung der C-dots als Fluoreszenz-Kontrastmittel fir die Abbildung tierischer
Zellen, kann diese spektralen Eigenschaften nutzbar machen. Dabei wurde die lokale
Akkumulation von C-dots erhohter Konzentration der Rot-verschobenen Fluoreszenz-
Emission der Partikel in Suspension zugeordnet. Ahnlich wie bei den Studien in
Suspension verschiebt sich die Emission von Blau nach Grun fur Partikel Ansammlungen
in grofler Menge bei Anregung mit 405 nm. Desweiteren steigen die Intensitaten der
Emission bei Anregung mit 488 und 543 nm. Es hat sich gezeigt, dass lebende Zellen C-
dots in niedrigen Konzentrationen mittels Endozytose aufnehmen, was bei Laser-
Anregung mit 405 nm in blau lumineszierendem Zytoplasma resultiert. Dabei befinden sich
die meisten Partikel in Vesikel. Tote Zellen hingegen weisen grin lumineszierende
Zellkerne mit hdéchster Intensitat bei 488 nm Anregung auf. Dies lasst sich auf die
Ansammlung von C-dots in den Zellkernen durch Bindung an die darin enthaltene DNA
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zuruckfuhren, was die Emissionsverschiebung induziert. Bei Zellen, die die
Plasmamembran-Integritat verloren haben und den Zelltod durchlaufen, besteht direkter
diffusiver Kontakt zwischen Zellkernen und der Umgebung. Deshalb kénnen C-dots,
welche nicht in Vesikeln zurlckgehalten werden, frei durch den Kernporen-Komplex
diffundieren und sich dort ansammeln. Zusatzlich wird vermutet, dass die Bindung
zwischen den C-dots und der DNA die Emissionseigenschaften der Partikel verandert,
was zusatzlich fur die Unterschiedliche Farbung verantwortlich sein kann.

Durch die Verwendung beider Laser ist es moglich die C-dots fur einen Nachweis von
lebenden und toten Zellen zu benutzen. Dabei wird der 405 nm Laser fur den Nachweis
der blauen Lumineszenz im Zytoplasma von lebenden Zellen benutzt, wahrend der 488 nm
Laser dazu dient, die grin gefarbten Zellkerne von toten Zellen zu visualisieren. Dieser
Nachweis gibt dieselben Informationen wie es ein kommerziell erhaltliches Farbe-Set zur
Unterscheidungen von lebenden und toten Zellen mittels Mikroskopie tut. Da die
Unabhangigkeit der Methode vom Toxin bewiesen wurde, kénnen C-dots flr die
Bestimmung von ECs-Werten flr ausgewabhlte Giftstoffe mittels CLSM verwendet werden.
Dabei kann das Verhaltnis zwischen der griinen und blauen Fluoreszenz-Intensitat bei der
jeweiligen Laseranregung als Mal} fur die Zytotoxizitat benutzt werden. Die Methode kann
fur Zytotoxizitats-Bestimmungen fir verschiedenste tierische Zellenlinien benutzt werden.
Fir NRK-Zellen zum Beispiel, stieg das Grun/Blau Intensitats-Verhaltnis, durch die
Behandlung mit tBuOOH, von ca. 0.1 fur gesunde Zellen zu ca. 1.5 fur tote Zellen.
Zusatzlich konnte gezeigt werden, dass die Farbung von lebenden und toten Zellen mittels
C-dots nicht nur mittels CLSM, sondern auch durch FACS analysiert werden kann.
Abgesehen von Zytotoxizitats-Bestimmungen konnten C-dots auch fiur die Mikroskopie
von lebenden und toten Zellen in MCS als Gewebemodel verwendet werden. Deshalb
erscheint die Anwendung der Partikel in Gewebe als vielversprechend.

Neben Lumineszenz hat es sich gezeigt, dass C-dots unter Langzeit-Bestrahlung effektiv
reaktive Sauerstoff-Spezies (ROS) erzeugen kdénnen. Dabei kombinieren die Partikel mit
ihren Eigenschaften alle ndétigen Anforderungen eines Photosensitizers fur die
photodynamische Therapie: gute Wasser-Dispergierbarkeit, schnelle Internalisierung in
Zellen und effektive ROS Erzeugung. Dies wurde dafir genutzt, NRK Zellen selektiv einem
der photodynamischen Therapie nachempfundenen experimentellen Protokoll zu
unterziehen. Dies wurde sowohl durch die Anregung von extrazellularen C-dots in
Suspension, sowie mit internalisierten Partikeln durchgeflhrt. Dabei konnte gezeigt
warden das neben der nah-UV, auch die Bestrahlung mit blauem Licht Phototoxizitat
hervorrufen kann. Demzufolge kénnen die Bestrahlungsbedingungen in der Anwendung
von C-dots als photodynamisches Agens variiert werden. Die Erzeugung von ROS durch
die Bestrahlung internalisierter C-dots fuhrt vermutlich zur Oxidation von Phosopholipiden
der Vesikel, welche die eingelagerten Partikel im Cytoplasma umgeben. Dies ermoglicht
die Freisetzung der C-dots, welche ROS somit in der gesamten Zelle produzieren. Dies
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fuhrt zur Einleitung des Zelltods durch Apoptose, was durch Annexin V Bindungs-Studien
bewiesen wurde. Interessanterweise hat es sich gezeigt, dass freigesetzte zellinterne
C-dots den Kern von Zellen die den programmierten Zelltod durchlaufen von innen heraus
anfarben bevor Annexin V an die Membran dieser Zellen bindet.

In einem ,theranostischem” Ansatz wurde diese Fahigkeit der C-dots, Kerne toter Zellen
von innen zu farben, gemeinsam mit der zum Zelltod fihrenden ROS Erzeugung bei
Langzeit-Anregung kombiniert. Dabei wurden NRK Zellen mit C-dots durch Kurzzeit-
Inkubation beladen. Ausgewahlte Zellen wurden daraufhin einer Art photodynamischen
Therapie durch Photo-Anregung der internalisierten C-dots flir einige Minuten unterzogen.
Dies konnte auf groflen Zellflachen durch Epilumineszenz-Mikroskopie mittels UV-
Anregung (330 — 380 nm) angewandt werden. Derselbe Ansatz wurde auch erfolgreich
auf Einzel-Zell-Ebene mittels CLSM 405 nm Laser Anregung durchgeflhrt. Die darauf
folgende Analyse der Zellen mittels CLSM erlaubt eine eindeutige Erfolgskontrolle der
Behandlung durch die sich veranderten optischen Eigenschaften der internalisierten C-
dots flr tote Zellen. Dabei zeigen die zellintern freigesetzten C-dots die selbe Rot-
Verschiebung durch die Ansammlung im Kern, wie es flr die Farbung von auf3en
beschrieben wurde. Nicht-bestrahlte NRK Zellen weisen ein blau lumineszierendes
Zytoplasma bei Anregung mit 405 nm auf, wahrend die Kerne jener Zellen, die der
photodynamischen Therapie ausgesetzt waren, grin erscheinen bei Anregung mit 488
nm. Dementsprechend erlauben C-dots nicht nur die aktive Therapie von Zielzellen,
sondern auch die Diagnostik des Erfolgs der Behandlung — Theranostik. Studien an MCF-
7 MCS als Brustkrebs Tumor-Model haben gezeigt, dass dieser Ansatz auch an solch
groRen Zellaggregaten durchgefuhrt werden kann. Aufgrund dessen kdénnen C-dots als
vielversprechendes theranostisches Agens flr die Behandlung von Tumorgeweben in der
Krebstherapie in lebenden Organismen angesehen werden.

In Nebenprojekten dieser Arbeit wurden C-dots in andere Nanostrukturen eingebettet und
chemisch modifiziert, um die mdoglichen Anwendungen dieser Partikel zu zeigen. Dabei
konnte die Einbettung in Agarose Nanopartikel dazu benutzt werden, Anderungen der
Osmolaritat durch Aufhebung der Selbst-L6schung der Fluoreszenz optisch zu verfolgen.
Dabei erhdhte sich die Fluoreszenzintensitat um 15% bei der Zugabe von 1 M eines
Osmolyts zum Puffer. Obwohl dies eine schlechte Sensitivitdt darstellt, soll dies
grundsatzliche Anwendungsmoglichkeiten der Partikel zeigen. Zusatzlich wurden
Liposome als Transportvehikel fur C-dots in NRK Zellen untersucht. Hierbei konnte eine
Internalisierung der Partikel durch einen, im Vergleich zu freien C-dots,
hdchstwahrscheinlich anderen Aufnahmemechanismus beobachtet werden. Diese
Untersuchungen kénnen als erste Schritte in Richtung der selektiven Einlagerung von
C-dots in Zielzellen angesehen werden. Auch die chemische Modifikation der C-dots ist
dazu gedacht prinzipielle Anwendungsmdglichkeiten der Partikel zu zeigen. Die
Modifikation mit Ols&ure veranderte die physikochemischen und optischen Eigenschaften
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der C-dots drastisch. Als solches konnte die Anlagerung an DNA, zum Beispiel,
unterbunden werden. Obwohl die angewandte Thionylchlorid Chemie als harsch
angesehen wird, kann diese genutzt werden um andere vielversprechende Modifikationen
durchzufuhren.

Bezuglich der Wiederspriche in der Literatur konnten viele Unterschiede zwischen den
physikochemischen und optischen Eigenschaften der bottom-up hergestellten C-dots und
der top-down hergestellten GQDs ausgearbeitet werden. Zunachst hat es sich gezeigt,
dass die Morphologie beider Materialen dufRerst unterschiedlich ist. Dabei kdnnen C-dots
als quasi-spharisch mit nur wenigen Nanometern im Durchmesser und als amorph
angesehen werden. Im Gegensatz dazu weisen GQDs eine Flocken-artige Struktur auf in
vergleichbarer Hohe, aber in Ausdehnung von 5 - 25 nm. Desweiteren, ist davon
auszugehen, dass GQDs hauptsachlich aus Kohlenstoff in Graphit-Struktur bestehen, da
es sich bei dem Ausgangsmaterial um Graphit handelt. Beide Materialien zeigen eine
Verschiebung ihrer Fluoreszenz-Emission mit Variation der Anregungs-Wellenlange.
Jedoch scheint es, dass C-dots nur wenige emittierende Hauptspezies besitzen, welche
deren optischen Eigenschaften dominieren. Im Gegensatz dazu weisen GQDs eine direkte
Korrelation zwischen Anregung und Emission auf. Dies kdnnte darauf zurlickzuflihren
sein, dass diese eine beliebig hohe Anzahl verschiedener emittierender Spezies besitzen.
Zusammenfassend sind beide Materialien eng verwandt betreffend der
Zusammensetzung und Funktionalisierung, aber zeigen auch eindeutige Unterschiede.
Als solches ist eine Unterscheidung zwischen beiden Materialien, C-dots und GQDs,
ratsam.
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8.3 Conclusion and Outlook

Concluding, the studies on C-dots in this work have given insight on the unique properties
and manifold potential applications of this material. Further utilizations of C-dots in
bioanalysis are suggested to involve chemical modifications. These could be used to
address target cells or cell structures. Together with the changing emission properties for
locally accumulated C-dots, as described, targets could be easily identified via CLSM
imaging. Thereby, the particles could be modified with ligands, even under harsh chemical
conditions, addressing receptors on the cell membranes. Recently, first attempts were
successful in this direction for other C-dot preparations. As such, folate-modified C-dots
for example were used for the distinguishing of cancer cells via imaging (Liu et al. 2015).
A similar approach with C-dots was used to mediate drug delivery and selectively target
cancer cells for a selective treatment of these cells (Mewada et al. 2014).

For future applications in vitro and in vivo, several uncertainties have to be investigated:
(i) possible cellular degradation and (ii) exclusion of C-dots from living organisms have to
be studied. In this respect research is at the very beginning.

Especially promising seems the application of C-dots as photodynamic therapy agent. The
studies on the selective treatment of mammalian cells in this work rely on the local photo-
generation of ROS through the irradiation of C-dot loaded cells. Although the loading with
C-dots has proven to be only marginal invasive for NRK cells, an even more specific
therapeutic approach with C-dots is possible. Thereby, the accomplishment of ROS
generation by C-dots may only apply for cells with internalized particles. As such, only
specific individuals within a cell population should be loaded with C-dots and the whole
population could be irradiated. Accordingly, ROS generation and subsequent cell death
would only be induced for target cells, leaving the rest of the population completely
unharmed. The selected loading of target cells with C-dots could be accomplished via
ligand-tagged liposomes with encapsulated C-dots. In this work, it was already shown that
liposomes are suitable as delivery vehicle for C-dots into mammalian cells. This could be
utilized to induce incorporation of these C-dot loaded liposomes only in target (cancer)
cells. Subsequent irradiation is suggested to release the particles into the whole cell body
through photo-oxidation of the surrounding phospholipids. Further irradiation would induce
cell death through oxidative stress via photo-generation of ROS in the whole cell. The effort
of this treatment could be studied through the emission shift of the dead cells’ nuclei, as
described in this works “theranostic” approach based on C-dots. The principle of the
delivery path via tagged liposomes is well established and described manifold in literature
(Lee et al. 1995; Park 2002). Furthermore, it has already been shown that Q-dots, which
share several properties of C-dots, for example may be selectively transferred into cancer
cells for imaging or therapy (Muthu et al. 2012).
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Future (bio-)applications of C-dots in general, are surely going to take the decisive step
from in vitro to in vivo studies to investigate the particles potential for diagnostics and
therapy. Yet, several reports for the application of C-dots in living organisms were made
in literature, but have to be considered as the very beginning. As such, the imaging in vivo,
utilizing the C-dots unique optical properties will be one major application field. (Luo et al.
2013; Huang et al. 2014). However the greatest potential of C-dots may be seen in cancer
therapy and theranostic applications, as indicated in this work. In this field, recently
promising reports were made on the successful tumor treatment in living organisms, using
C-dots within photodynamic therapies (Choi et al. 2014; Hola et al. 2014).

The applicability of C-dots for imaging in tissues was already proven on MCS as model.
As such, also the “theranostic” approach in tissues and living organisms, based on the
ROS generation ability of the particles is suggested to be promising for the utilization in
cancer therapy.
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10 Appendix

10.1 List of Abbreviations

A Absorbance

ADBDA 9,10-Anthracenediyl-bis(methylene)dimalonic acid
AFM Atomic Force Microscopy

a.u. Arbitrary Units

B Mass Concentration

bpm Beats per Minute

C Capacitance

C-dot Carbon (Nano)dot

CHO Chinese Hamster Ovary

CPS Counts per Second

D Defect

dy Hydrodynamic Diameter

DHR Dihydrorhodamine 123

Dil 1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate
DLS Dynamic Light Scattering

DMEM Dulbecco’s Modified Eagle’s Medium

DMF Dimethylformamide

DMSO Dimethyl Sulfoxide

DPPC Dipalmitoylphosphatidylcholine

DPPG Dipalmitoylphosphatidylglycerol

ds Double Stranded

E Energy

EBSS Earle's Balanced Salt Solution

EBSS™/G EBSS™" with Glucose (1 g/L)

ECIS Electric Cell-Substrate Impedance Sensing
EDTA Ethylenediaminetetraacetic Acid

EDX Energy-Dispersive X-Ray Spectroscopy
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Em.
EthD-1
Exc.
FCS
FITC

GO
GQD
HaCaT
HEPES
HTC
Hz

ITO

MCF-7
MCS
MDCK
MEM
v

NRK

OAM C-dots

Papp
PBS
Pdl
PDMS
PEG
PES
PFA
PL
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Emission

Ethidium Homodimer-1
Excitation

Fetal Calf Serum

Fluorescein Isothiocyanate
Graphene

Graphene Oxide

Graphene Quantum Dot
Cultured Human Keratinocyte
4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid
Hydrothermal Carbonization
Hertz

Infrared

Intensity

Indium Tin Oxide

Wavelength

Michigan Cancer Foundation-7
Multicellular Spheroid
Madin-Darby Canine Kidney
Minimal Essential Medium
Wavenumber

Normal Rat Kidney

Oleic Acid Modified Carbon Dots
Apparent Permeability Coefficient
Phosphate Buffered Saline
Polydispersity Index
Polydimethylsiloxane
Polyethylene Glycol

Polyether Sulfone
para-Formaldehyde

Photoluminescence



PMMA
PI
PTFE
Q-dot
QY
rGO
SDS

tBuOOH
TEER
TRIS
TLC

Trp

uv

(V/v)
VIS
(W/w)

XPS

-/ ++

Poly (methyl methacrylate)
Propidium lodide
Polytetrafluoroethylene

Quantum Dot

Quantum Yield

Reduced Graphene Oxide

Sodium Dodecyl Sulfate
Transmittance

Time

tert-Butyl hydroperoxide
Transepithelial Electrical Resistance
Tris(hydroxymethyl)aminomethane
Thin Film Chromatography
L-Tryptophan

Ultraviolet

Volume Ratio

Visible Spectrum

Weight Ratio

X-Ray Photoelectron Spectroscopy
Impedance

Zeta Potential

Without Ca** and Mg®* / With Ca®* and Mg**
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10.2 Publications and Presentations

Publications

“Cell-Nanomaterial Interaction: A Label-free, integrative and multiparametric Approach”

Michael-M. Lemberger, Thomas Hirsch, Joachim Wegener, Nanotoxicology 2015
(in preparation)

“Monitoring the Impact of Nanomaterials on Animal Cells by Impedance Analysis: A Non-
Invasive, Label-Free and Multi-Modal Approach”

Michaela Sperber, Christina Hupf, Michael-M. Lemberger, Barbara Goricnik, Nadja
Hinterreiter, Sonja Lukic, Maximilian Oberleitner, Judith A. Stolwijk, Joachim Wegener,
Bioanalytical Reviews 2015 (submitted)

“Carbon Nanodots: Synthesis, Characterization, and Bioanalytical Applications”

Michael-M. Lemberger, Thomas Hirsch, Joachim Wegener, Bioanalytical Reviews 2014

“‘Reduced Graphene Oxide and Graphene Composite Materials for Improved Gas Sensing
at Low Temperature”

Alexander Zopfl, Michael-M. Lemberger, Matthias Konig, Guenther Ruhl, Frank-Michael
Matysik, Thomas Hirsch, Faraday Discussions 2014
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Oral Presentations

“Carbon Dots - Promising Luminescent Carbon Nanomaterial for
Bioanalytical Applications”

Pittcon 2015, New Orleans, USA

“Multicolor Imaging of Mammalian Cell Viability with a Live-Dead-Assay
using Carbon Dots”

24" World Congress on Biosensors, Melbourne, Australia

“Monitoring the Influence of Carbon Dots on Animal Cells via Impedance
Analysis”

2" Conference on Impedance-Based Cellular Assays, Budapest, Hungary

“Carbon dots for Cellular Imaging Applications and Bioanalytical Sensing”

7. Interdisziplinares Doktorandenseminar, Berlin, Germany

Poster Presentations

“Carbon Dots — Promising Luminescent Carbon Nanomaterial for
Bioanalytical Applications”

ANAKON 2015, Graz, Austria

“Carbon dots for Cellular Imaging and Intracellular Sensing Applications”

Europt(r)ode XIllI, Athens, Greece

“Monitoring the Influence of Carbon Dots on Animal Cells via Impedance
Analysis”

2"? Conference on Impedance-Based Cellular Assays, Budapest, Hungary

“Highly Fluorescent Carbon Dots from Starch and Tryptophan”

8. Deutsches Biosensor Symposium, Wildau, Germany
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