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Abstract

Graphene quantum dots (GQDs) consist of one or a few layers of graphene. They
are used in biomedical research not only for drug delivery applications, but also
for long term and deep tissue imaging, cancer diagnostics and intracellular sensing.
All of these applications require profound knowledge about the effect of GQDs on
the cells. This thesis deals with the uptake dynamics of the GQDs into different
cells, the intracellular distribution of the GQDs and the transcriptomic response
of the cells to GQDs.

First, we established a reliable and reproducible preparation process based on
the pyrolysis of citric acid. The as prepared GQDs were characterized by fluo-
rescence spectroscopy, ultraviolet-visible spectrophotometry, X-ray photoelectron
spectroscopy, high resolution transmission electron microscopy and Raman spec-
troscopy.

Then we studied the uptake dynamics of GQDs into primary human blood cells for
a period of 36 hours. We observed for all cell types studied an approximately linear
time- and concentration-dependent uptake with a significantly greater uptake into
monocytes and granulocytes in comparison to lymphocytes. The effect of the
GQDs on the viability of the cells was rather low with a measured viability of 90 %
after an exposure time of 36 hours.

The next set of experiments concentrated on the intracellular distribution and
uptake of GQDs into different breast cancer models. A three times higher uptake
into estrogen receptor positive, progesterone receptor positive, HER2 negative
MCF-7 cells was observed compared to MDA-MB-231 cells as an example for
triple negative breast cancer and MCF-10A cells as a model for non-tumorigenic
mammary epithelial cells. It was demonstrated for all three cell types that the
GQDs accumulate near the nucleus inside the endolysosomal system. Furthermore,
the penetration of GQDs into murine precision-cut mammary tumor slices was
studied, where a constant uptake into the depth of the tissue and no increase of
apoptotic or necrotic cells was found.

Finally, we examined the effect of GQDs on the transcriptome of primary human
CD34" hematopoietic stem cells. Only one of the 20 800 recorded gene expressions,

namely the selenoprotein W, 1, was changed by the GQDs in direct comparison to



CD34" hematopoietic stem cells cultivated without GQDs. Only a meta analysis
revealed that the expression of 1171 genes was weakly affected, taking into account
the more prominent changes just by the cell culture. Eight corresponding, weakly
affected signaling pathways were identified, which include, but are not limited to,

the triggering of apoptosis.
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The following introduction is strongly oriented on the introductions in references
[1-3] that form the basis of this thesis.

Introduction

Nanomaterials are already part of our daily life, often without our knowledge.
They are not only ingredients in consumer products like clothes [4], food [5] and
cosmetics [6] but also they are used as drug delivery systems and extend the
life of patients with acute myeloid leukemia [7]. Since its discovery in 2004 [§]
and the corresponding award of the Nobel Prize in Physics 2010, graphene has
gained much attention as a novel two-dimensional nanomaterial. For example, the
European Union Graphene Flagship project is together with the Human Brain
Project one of the largest collaborative research projects that have ever been set
up in Europe and spends 1 billion euro to generate technological breakthroughs
around graphene and related materials [9]. First graphene containing consumer
products are already available in the packaging and sports industry [10,11] due to
its superior mechanical [12,13], chemical [14] and electronic [15,16] properties.

Graphene quantum dots (GQDs) consist of one or a few layers of graphene with
a size of less than 100 nm [17]. Due to quantum confinement and edge effects
they emit strong fluorescence [18]. While most reported GQDs have a circular
or elliptical shape with a diameter of a few nm [19], there are also a few reports
of triangular [20], hexagonal [21] and other polygonal [22] shapes. They are
used in research related to organic photovoltaic devices, catalysis, sensors and
biomedicine [23]. Especially the field of biomedicine offers interesting opportunities
regarding drug delivery [24,25], cancer diagnostics [26], intracellular sensing [27] and
long term and deep tissue imaging [28,29] as GQDs enter various human cell types
in vitro without significant effects on the viability of the cells [30-33]. As far as the
exposure of human cells in vitro or in vivo to GQDs is concerned, their possible
side effects on the functionality of these cells remain a question of ongoing research.
For instance, in vivo studies show that high doses of GQDs disrupt the progression
of embryonic development in zebrafish [34]. In mice, intravenously injected larger
graphene nanosheets induced Th2 inflammatory responses [35]. In vitro studies
using fibroblast cell lines show increased expression of p53, Radbl and OGG1
proteins, indicating DNA damage caused by GQDs of 40 nm diameter [36]. The

toxicity of graphene based nanomaterials appears to be mainly related to particle
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size, surface functional groups, oxygen content, surface charges and impurities,
while the formation of reactive oxygen species (ROS) seems to be the most common

underlying mechanism [37].

However, these toxicity studies reported hitherto are no more than a glimpse of the
overall, possibly quite complex, responses of the cells to the incubation with GQDs
while all suggested biomedical applications require detailed knowledge about the
interaction of living cells and GQDs. In this thesis we study the effects of GQDs on
the transcriptome of primary human hematopoietic stem cells as well as the uptake
dynamics into various human benign and malign cells in detail. It is organized as

follows.

Chapter 1 discusses the fundamentals of GQDs and the used cell culture model
systems. First, the physical properties of graphene and GQDs are shown before
a review of the present literature regarding biomedical applications of GQDs is
given. Then the basics of hematopoiesis, including human leukocytes and CD34*
hematopoietic stem cells are presented. Finally, different in vitro and ex vivo breast

cancer models are introduced.

Chapter 2 deals with the experimental techniques used in this thesis. First, the
established process for the preparation of GQDs based on the pyrolysis of citric
acid is presented in chapter 2.1. The as prepared GQDs were characterized by
fluorescence spectroscopy, ultraviolet-visible spectrophotometry, X-ray photoelec-
tron spectroscopy, high resolution transmission electron microscopy and Raman
spectroscopy. These methods are discussed in chapter 2.2. To analyse the cells we
used flow cytometry, confocal fluorescence microscopy, XTT and MTT assay and
gene expression analysis based on microarray technique, which are presented in
chapter 2.3.

Chapter 3 consists of the three publications resulting from this work. The first paper
studies in detail the uptake dynamics of GQDs into primary human leukocytes
as well as hematopoietic stem cells. Concentration dependent uptake rates for
monocytes, granulocytes, CD19" B cells, CD56™ natural killer cells, CD4™ T cells,
CD8™ T cells and CD34% hematopoietic stem cells are measured and the number
of incorporated GQDs after an incubation time of 36 hours is estimated. The
second paper concentrates on the intracellular distribution and uptake of GQDs
into different breast cancer models. The cell line MCF-7 serves as an example for
estrogen receptor positive, progesterone receptor positive, HER2 negative breast

cancer, the cell line MDA-MB-231 as a model for triple negative breast cancer and
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the cell line MCF-10A as an example for non-tumorigenic mammary epithelial cells.
They were used in vitro, while murine precision-cut mammary tumor slices were
studied in a closer to reality ex vivo approach. The third paper reports the cellular
gene expression and the attributed signaling pathways after incubation of primary
human CD34" hematopoietic stem cells with a high concentration 500 pg ml—! of
GQDs for an exposure time of 36 hours. These cells are particularly susceptible
to any kind of cytotoxic effects such as conventional chemotherapy or radiation.
They are composed of the most primitive hematopoietic stem cells as well as the
more committed progenitor subset, which is responsible for the lifelong production
of mature blood cells.

The thesis ends with a conclusion of the main findings and an outlook towards

potential future research in chapter 4.



1 Fundamentals

This chapter discusses the fundamentals of GQDs and the used cell culture model
systems. First the physical properties of graphene and GQDs are shown before
a review of the present literature regarding biomedical applications of GQDs is
given. Then the basics of hematopoiesis, including human leukocytes and CD34*
hematopoietic stem cells are presented. Finally, the cell lines MCF-7 as an example
for estrogen receptor positive, progesterone receptor positive, HER2 negative breast
cancer, MDA-MB-231 as a model for triple negative breast cancer and MCF-10A
as an example for non-tumorigenic mammary epithelial cells as well as the ez vivo

model of MMTV-PyMT precision-cut mammary tumor slices are introduced.

1.1 Graphene

Graphene consists of spa-hybridized carbon atoms organized in a two-dimensional
hexagonal lattice with two basis atoms, which means it is a single layer of graphite.
Due to the Mermin-Wagner-theorem [38] it was thought to be thermodynamically
unstable as an inifinitely extended 2d-material. Therefore its discovery in 2004 by
Novoselov and Geim [8] attracted a lot of attention and was awarded the Nobel
Price in Physics in 2010 accordingly.

As all carbon atoms are spp-hybridized, every atom has three o-bonds with a
bond length of 142 pm and a bond angle of 120°. The remaining fourth valence
electron out of the p, orbital forms a binding m-bond and an antibinding 7*-
bond directed out of plane in z-direction. The m-bonds of the carbon atoms are
hybridized together and form the 7m-band and the 7*-band, which are responsible
for the outstanding electronic properties of graphene [39]. In general, the bonding
structure of graphene can be illustrated as a ring consisting of 6 carbon atoms
that has two double bonds, which are not localized. An experimental observation
of the graphene honeycomb lattice is shown in Figure 1.1.

The band structure of graphene is already known since 1947 when P.R. Wallace
calculated the band structure of a single graphite layer [40]. For that purpose he

regarded the honeycomb lattice as two interleaving triangular lattices A and B
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Figure 1.1: Scanning transmission electron microscopy image of graphene (taken
from [41] under Creative Commons Attribution 4.0 International li-
cense). Scale bar 1 nm

(see Figure 1.2 (a)) and used a tight-binding approximation. The tight-binding

Hamiltonian can be written as:

(1.1)

€4 tetF a4 teihaz 4 petkeds
Hy =
C.C. €B

with the vectors to the three nearest neighbor atoms a; = a(1,0), a3 = a(—3, sin[%])
and a3 = a(—%, —sin[5]), the on-site energies of the carbon atoms on sites A
and B €4 = eg = 0, the nearest neighbor hopping element between A and B
sites t = 2.7eV and c.c. the complex conjugate of the off-diagonal matrix ele-
ment [39]. The corresponding eigenvalues are shown in Figure 1.2 (b) as a function
of k= (ky, ky).

Near the Dirac points K and K’ in Figure 1.2(b) the energy dispersion becomes
linear and reads

EL(k) =~ thup|k — K|, (1.2)

which can be described by the Dirac equation for massless fermions. This means
the effective mass of charge carriers in this region is zero. The corresponding

Dirac-Hamiltonian is:

0 k. — 1k S
Hi = hv v Yl = hpd - k 1.3
K F(kx+iky 0 ) " (1.3)
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Figure 1.2: (a) Triangular sublattices of graphene. Each atom A has 3 nearest
neighbor atoms B and vice-versa. (b) First Brillouin zone and band
structure of graphene. The vertical axis is energy, while the horizontal
axes are momentum space on the graphene lattice ((a) and (b) taken
from [39] under Creative Commons Attribution 3.0 Unported license).

with the 2D vector of the Pauli matrices & = (0, 0,), the wavevector k and the
Fermi velocity v & 10 m/s. This implies that the band gap vanishes in the K-
points and the charge carriers in proximity to those behave like relativistic fermions
with an effective speed of light that is the Fermi velocity. The aforementioned
leads to outstanding electronic properties like an ultrahigh electron mobility of
2. 105‘3‘7/”—82 [15], the appearance of Klein-tunneling [42] and an anomalous quantum
hall effect [43].
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1.2 Graphene quantum dots

Graphene quantum dots (GQDs) are graphene flakes with functional groups at
the edges, that are small enough to provide confinement in all directions to
electrons that occupy the m-orbital. Typically, they consist of one or a few layers
of graphene with lateral dimensions of just a few nanometers, with some larger
GQDs also reported [19]. In the following the most important physical properties

and biomedical applications will be introduced.

1.2.1 Properties

Size dependence of the energy gap

Although infinite graphene has no band gap as pointed out above, GQDs do have
an energy gap due to confinement effects. The size dependence of this energy
gap is well known for semiconductor quantum dots. For the calculation of the
energy gap of semiconductor quantum dots a hard sphere potential is assumed and
the resulting Schrodinger equation leads to the following energy eigenvalue in the

ground state:

w2h?
= 1.4
1o 2m*r3 (1.4)
which gives an energy gap of:
w2h?
Aogp = A 1.5
op = Asc+ o (1.5)

with the effective mass m*, the radius of the sphere ry and the bandgap of the bulk
semiconductor Age. This means, the energy gap of a semiconductor quantum dot
is larger than the band gap of the bulk semiconductor and the energy gap of the
semiconductor quantum dot decreases with increasing size of the quantum dot. As
the charge carriers in graphene behave like massless relativistic fermions the Dirac
equation must be used instead of the Schrédinger equation for their description.
Schnez et al. as well as Tamandani et al. present an analytical approach [44,45]
to that problem, however a complete analytical solution to calculate the band gap
for small and realistic GQDs does not exist so far. Instead, numercial simulations
based on the tight binding model [46], the Dirac-Weyl model [47] or the density
functional theory [48] are applied.
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Figure 1.3: (a) Density functional calculations of the energy gap of the m — 7*-
transition as a function of the number of aromatic rings. Reprinted
with permission from [49]. (©(2010) WILEY-VCH (b) Absorbance
spectra for three typical GQDs with sizes of 12, 17 and 22 nm and a
graphene sheet. The inset shows the energy of the absorbance peak as
a function of GQD size. Reprinted with permission from [22]. (©)(2012)
American Chemical Society.

Although no analytical expression for the energy gap exists there is clear theoretical
[49,50] as well as experimental [22,51] evidence that the energy gap of GQDs
decreases with increasing size, which is similar to semiconductor quantum dots.
One example for density functional theory calculations regarding the energy gap
of the m — m*-transition is shown in Figure 1.3 (a) and experimental observations
using optical absorbance measurements of the m — m*-transition are presented in
Figure 1.3 (b).

Edge states

Graphene and also GQDs may occur with two different edge structures, so called
armchair and zigzag-edges as illustrated in Figure 1.4 (a). As the wave function of
the electrons is much more localized in GQDs with zigzag edges compared to GQDs
with armchair edges [47] (see Figure 1.4 (b)), the edge type has a pronounced
influence on the energy gap. In general, the energy gap of armchair GQDs is

significantly higher than the energy gap of similar sized zigzag GQDs [50].
Functional groups

Realistic GQDs usually contain functional groups like hydroxyl, carbonyl, carboxyl,
hydrazide and amine groups, which leads to an excellent water solubility [29].

The composition of this groups depends on the preparation process and has a
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Figure 1.4: (a) Zigzag and armchair edge structures of graphene (taken from [52]
under Creative Commons Attribution 4.0 International license). (b)
Electron probability densities for hexagonal zigzag (left) and armchair
(right) GQDs. Reprinted with permission from [47]. ©(2011) APS

pronounced influence on the energy gap. Density functional theory calculations
show that orbital hybridization of the GQD carbon core and the functional group
reduces the energy gap, while on the other hand charge transfer from the GQD
to the functional group enlarges the energy gap [53], which may also lead to
pH-sensitivity of the optical properties [54]. The effect of orbital hybridization
outstrips the charge transfer effect, therefore functional groups lead to a lower
energy gap as compared to hydrogen passivated GQDs as shown in Figure 1.5 (a).
Figure 1.5 (b) illustrates that the addition of NHs groups leads to a decrease of
the energy gap but the effect saturates by adding the 6th NHy group.
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Figure 1.5: (a) Density functional theory calculations of the energy gap of edge
functionalized GQDs. Reprinted with permission from [53]. (©(2015)
American Chemical Society. (b) Energy gap change as a function
of the number of attached NHy groups. Reprinted with permission
from [54].©(2012) American Chemical Society.
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Optical properties

The combination of size, edge states and functional groups may lead to many kinds
of different GQDs with varying optical properties [55]. The GQDs used in this
work are a typical example for very small GQDs (average diameter of 3.3 nm)
which contain equal amounts of nitrogen and oxygen (20 % each). Figure 1.6 shows
the fluorescence spectra and the corresponding absorbance spectrum of the used

GQDs.

The GQDs show a pronounced absorption peak around 225 nm that is usually
attributed to the m — 7* transition of C=C [27] while the peak around 350 nm
belongs to the n — 7* transition of C=0 and the long but weak shoulder in the
range of 400 to 500 nm to the n —7* transition of the N state [56]. The fluorescence
spectrum reveals that no emission is related to the m — 7* transition, excitation
at the n — 7* transition of C=0 leads to strong fluorescence in the blue around
450 nm and excitation at the n — 7* transition of the N state leads to weak
fluorescence in the yellow. Interestingly, the fluorescence emission peaks are broad
and non-gaussian with a larger shoulder to lower energies. This might at least in
parts be explained by the giant red edge effect, that occurs in polar solvents when
the solvent relaxation is on the same time scale as the emitting relaxation to the

ground state [57].

3
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Figure 1.6: Fluorescence spectra as a function of the excitation wavelength of the
GQDs used in this work. The corresponding absorbance spectrum
including an image of the GQD solution under excitation with blue
light is shown in the inset. Taken from [3] under Creative Commons
Attribution 4.0 International license).
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1.2.2 Biomedical applications

Intracellular sensing

As pointed out above, functional groups and the related n — 7* transition have
a pronounced influence on the optical properties of GQDs. Wu et al. showed
that the fluorescence intensity of N-doped GQDs depends on the zeta potential.
Thus the fluorescence intensity changes with the pH of the environment due to
the protonation of the functional groups under acidic conditions [27]. This might
be used for non-invasive measurements of the intracellular pH change as shown in
Figure 1.7. Similar concepts are also used to monitor intracellular cytokines [58]

or glutathione [59].
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Figure 1.7: Confocal fluorescence images of Hep-2 cells after incubation with GQDs
at pH (a) 5.7, (b) 6.8, (c) 8.0 and the corresponding overlay with the
bright field images at pH (d) 5.7, (e) 6.8 and (f) 8.0. (g) Measurement
of the fluorescence intensity of the four cells marked in (c) at different
pH. Reprinted with permission from [27]. ©(2014) The Royal Society
of Chemistry.

Drug delivery

Graphene, graphene quantum dots as well as carbon quantum dots may easily
be loaded with the cancer drug doxorubicin by electrostatic attraction as well as
-7 stacking between the aromatic rings in the carbon core and the conjugated
rings of the doxorubicin molecules [60]. While this stacking is relatively stable at

pH = 7.4 most of the doxorubicin is released over 24 h at pH = 5.0, where the

11
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Figure 1.8: Cell viability of (a) HepG2 liver cancer cells and (b) noncancerous L-02
fetal hepatocytes treated with carbon dots (PNHCDs), doxorubicin
(DOX) and doxorubicin loaded carbon dots (PNHCDs-DOX). Reprinted
with permission from [25]. ©(2015) American Chemical Society.

water solubility of doxorubicin is significantly increased and the electric attraction
between carrier and drug is decreased [25]. This pH dependent behavior is very
important as the microenvironment of tumors often is more acidic compared to
healthy tissue [61]. Gong et al. used these properties to build a carbon quantum
dot based drug delivery system loaded with doxorubicin. This formulation inhibits
growth of the liver cancer cell line HepG2 at least as efficient as doxorubicin alone
but protects noncancerous L-02 cells, which is a human fetal hepatocyte line, as
shown in Figure 1.8. Furthermore, in vivo studies in mice demonstrated similar
tumor growth inhibition compared to doxorubicin alone but lower side effects
like weight loss [25]. Similar concepts are also applied for more tumor targeted,
GQD based doxorubicin delivery using hyaluronic acid [62] or biotin [63] as well as

delivery of cisplatin with enhanced anticancer activity [24].

Long term and deep tissue imaging

Long term and deep tissue imaging of living organisms has three challenges: Toxicity,
photostability and the absorption of the emitted light as well as absorption of the
light used for excitation. GQDs seem to be relatively non-toxic and possess stable
fluorescence properties [17]. However, the excitation wavelength of GQDs is usually
in the range of 350 nm to 500 nm, which is too far away from the optical window
between 650 nm and 900 nm where the absorption of biological tissue is low enough
for deep tissue imaging [64]. Liu et al. tried to overcome this problem by using
two photon fluorescence imaging, which means a higher excitation wavelength can

be used but therefore two photons at the same time are needed for the excitation

12
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Figure 1.9: (a) Experimental setup of the two photon fluorescence imaging ex-
periment. (b) Penetration depth for two photon fluorescence imaging
(TPFI, left) and one photon fluorescence imaging (OPFI, right) with
GQDs. Scale bars 100 pm. Adapted with permission from [28]. (©)(2013)
American Chemical Society.

of the fluorescent state. This of course has a much lower absorption cross-section,
nevertheless Liu et al. could demonstrate that the remaining fluorescence is high
enough to be detected in a depth of up to 1800 pm using a tissue phantom. This
depth could not be reached with single photon fluorescence imaging as shown in
Figure 1.9 [28]. The same concept was also used by Qian et al. for in vivo imaging

of blood vessels in mice [65].

13



1.3. Hematopoiesis

1.3 Hematopoiesis

Most parts of this work use primary human blood cells at different development
stages as object of study because all in vivo applications will expose various blood
cells to GQDs. Therefore the process of hematopoiesis, which is the formation of
the cellular blood components derived from hematopoietic stem cells, is described

in the following.

Figure 1.10 illustrates the development from a hematopoietic stem cell (HSC) to
differentiated blood cells: A HSC can either undergo self-renewal or differentiation
into a common lymphoid progenitor cell (CLP) or a common myeloid progenitor
cell (CMP). CLPs then give rise to precursor cells that are commited to T cells and
natural killer cells (TNKs) as well as precursor cells commited to B cells (BCPs),
while CMPs give develope into precursor cells that are commited to megakaryocytes
and erytroid cells (MEPs) as well as precursor cells commited to granulocytes
and macrophages (GMs). These cells give rise to lineage commited progenitors
that ultimately form platelets, erythrocytes, monocytes, granulocytes (neutrophils,
eosinophils and basophils), T cells, NK cells and B cells [66].

The cells of the human immune system are called leukocytes and are comprised
of granulocytes and monocytes, which come from the myeloid lineage, and B
cells, T cells and NK cells, which belong to the lymphoid lineage and are called
lymphocytes. The most important properties of these cells will be described here
briefly, as these will help to understand the uptake of GQDs into the cells.

Granulocytes account for up to 70 % of the leukocytes and are characterized by
the presence of granules in the cytoplasm [67]. They are also called polymorphonu-
clear leukocytes due to the varying shape of the nucleus and have a diameter of
10pm to 15 pm [68]. Granulocytes are part of the innate immune system and are
able to attack microorganisms by phagocytosis (ingestion), generation of neutrophil
extracellular traps as well as release of toxic granule proteins [69]. According to
their staining characteristics granulocytes are further classified into basophils,

eosinophils and neutrophils.

Monocytes are the largest leukocytes with a diameter of 15 pm to 30 pum [70]. They
are not only part of the innate immune system and destroy foreign structures by
phagocytosis but also activate the adaptive immune system by antigen presentation.
After circulation of 1 - 3 days monocytes infiltrate into tissue and differentiate

into macrophages or dendritic cells [71]. Upon the expression of the cell surface

14
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Figure 1.10: Blood-cell development progresses from a hematopoietic stem cell
(HSC), which can undergo either self-renewal or differentiation into
a multilineage committed progenitor cell: a common lymphoid pro-
genitor (CLP) or a common myeloid progenitor (CMP). These cells
then give rise to more-differentiated progenitors, comprising those
committed to two lineages that include T cells and natural killer cells
(TNKs), granulocytes and macrophages (GMs), and megakaryocytes
and erythroid cells (MEPs). Ultimately, these cells give develope
into unilineage committed progenitors for B cells (BCPs), NK cells
(NKPs), T cells (TCPs), granulocytes (GPs), monocytes (MPs), ery-
throcytes (EPs), and megakaryocytes (MkPs). Cytokines and growth
factors that support the survival, proliferation, or differentiation of
each type of cell are shown in red. IL denotes interleukin, TPO throm-
bopoietin, M-CSF macrophage colony-stimulating factor, GM-CSF
granulocyte-macrophage CSF, and EPO erythropoietin. Reproduced
with permission from [66]. (©(2006) Massachusetts Medical Society.
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receptors CD14 and CD16 monocytes are further classified into classical monocytes
(CD14"* CD167), non-classical monocytes (CD14" CD16"") and intermediate
monocytes (CD147T CD167) [72].

Lymphocytes are the smallest leukocytes with a diameter of 7pm to 15 pm [68].
They are comprised of T cells, B cells and NK cells. T cells belong to the adaptive
immune system which means they have to learn which microorganisms are harmful.
Their immunological maturation takes place in the thymus, where they develop
T cell specific receptors. By antigen presentation of other immune cells T cells
recognize invader and generate specific responses to eliminate specific pathogens or
pathogen-infected cells. T cells are further classified into cytotoxic T cells, which
produce enzymes that kill pathogen-infected cells and T helper cells, which produce
cytokines to direct the immune response [73]. B cells are part of the adaptive
immune system as well. They are primed in the bone marrow and are activated by
foreign antigens. An activated B cell differentiates into plasma cells that produce
antibodies against the antigen for immediate protection and memory B cells for
persistent protection [74]. In contrast, NK cells are part of the innate immune
system and do not require activation to kill cells that have a missing expression of
certain cell surface markers like MHC class 1, which is often the case for tumor
cells. They do this by releasing perforin and granzymes in close proximity to
target cells, which induces either apoptosis or osmotic cell lysis. Recent research
revealed that NK cells may also play an important role in the adaptive immune
response [75].

The above mentioned cell types are distinguishable by the expression of cell surface

markers. A selection of some frequently used markers is shown in Table 1.1.

Marker Cell population Marker Cell population
CD34 HSCs D16 NK cells, neutrophils,
monocytes
CD45 All leukocytes, HSCs | CD19 B cells
CD3 ALL'T cells cpsy VK cells, monocytes,
T cells
CD4 T helper cells CD56 NK cells
CDS8 Cytotoxic T cells CD62L T cells_, NK cells,
neutrophils, monocytes
CD14  Neutrophils, monocytes | CD62P Monocytes

Table 1.1: Expression of surface markers by the main leukocyte populations and
hematopoietic stem cells according to [76-78].
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1.4 In vitro and ex vivo breast cancer models

To understand the uptake of GQDs into solid tumors, in the present work the breast
cancer cell lines MCF-7 and MDA-MB-231 are used as in vitro models together
with the MCF-10A cell line as a comparison for benign cells. The analysis is then
extended to the closer to reality ex vivo model of MMTV-PyMT precision-cut

tumor slices. Both model systems are briefly introduced in the following.

In vitro models: The MCF-7 cell line was established at the Michigan Cancer
Foundation (MCF) in 1970 from a 69-year-old caucasian woman [79] and represents
the most studied breast cancer cell type [80]. MCF-7 cells are progesterone receptor
positive, estrogen receptor postive and HER2 (ErbB2) negative and are therefore
a standard model for estrogen receptor positive breast cancer [81] as well as for
the development of treatment resistance to estrogen receptor antagonists [82]. The
MDA-MB-231 cell line was established at M.D. Anderson (MDA) hospital in
1973 from a 51-year-old caucasian woman [83]. MDA-MB-231 cells are progesterone
receptor negative, estrogen receptor negative and HER2 negative and therefore
represent an example for especially difficult to treat triple-negative breast cancer
with highly aggressive, invasive and poorly differentiated cells [84]. The MDA-MB-
231 cell line belongs to the most relevant in vitro breast cancer models [85] and is
well established in metastasis research [86]. In contrast, the MCF-10-A cell line
is an example for benign epithelial cells from mammary gland tissue. The cell line
was established at the Michigan Cancer Foundation in 1989 from a 36-year-old
caucasian woman with fibrocystic disease [87] and represents the most common

used model for normal breast cells [88].

The ex vivo model of MMTV-PyMT precision-cut tumor slices: Mono-
clonal cell lines are not able to represent the heterogeneity of a solid tumor [89]
and may display geno- and phenotypic changes due to long-lasting in vitro cultiva-
tion [90]. On the contrary, ex vivo cultivated precision-cut tissue slices contain all
cell types of the tissue and allow to study multicellular biochemical processes like
transport of drugs in a more natural environment [91]. Transgene MMTV-PyMT
mice expressing the Polyomavirus Middle T Antigen (PyMT) under transcriptional
control of the Mouse Mammary Tumor Virus Promoter (MMTYV) rapidly develop
multifocal metastasizing adenocarcinoma of the mammary gland [92]. Compared
to the human disease the model presents various similarities on histological and

tumor biological levels, especially regarding prognostic biomarkers: On the way
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1.4. In vitro and ex vivo breast cancer models

to more invasive stages a loss of estrogen and progesterone receptors is as well
depicted as an overexpression of HER2 and Cyclin D1, which coincide with a poor

prognosis in the human disease [93].
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2 Experimental techniques

This chapter deals with the experimental techniques used in this thesis. First,
the established process for the preparation of GQDs based on the pyrolysis of
citric acid is presented. Then, the methods, that were used to characterize the
as prepared GQDs, are introduced: fluorescence spectroscopy and ultraviolet-
visible spectrophotometry, X-ray photoelectron spectroscopy, transmission electron
microscopy and Raman spectroscopy. Finally, the applied techniques to analyse
the uptake of the GQDs into the cells and the reaction of the cells to GQDs are
explained, which include flow cytometry, confocal fluorescence microscopy, XTT

and MTT assay as well as gene expression analysis based on microarray technique.

2.1 Preparation of graphene quantum dots

In general, the synthesis of GQDs is classified into two groups: top down and

bottom up approaches. Top down approaches start with bulk materials consisting

‘1%3'

1 g‘ Bottom-up methodI
‘% O ey GNR

Small molecules

Figure 2.1: Schematic illustration of the top down and bottom up approaches for
GQD synthesis (taken from [94] under Creative Commons Attribution
4.0 International license).Top down approaches cut bulk materials into
smaller pieces while bottom up approaches use small organic starting
materials to form GQDs with solution chemistry.

of carbon like graphite, graphene, coal, carbon nanotubes or carbon black and
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2.1. Preparation of graphene quantum dots

apply methods like chemical acid oxidation [95,96], hydrothermal cutting [97],
electrochemical cutting [29,98] or ultrasonic exfoliation [99] to cut small pieces, that
finally form the GQDs, out of the bulk material. In contrast, bottom up approaches
use small organic starting materials like citric acid [13,27,56], glucose [100], aspartic
acid [101] or phloroglucinol [20] and apply stepwise solution chemistry to form
GQDs [94]. Both approaches are illustrated in Figure 2.1.

In the present work only bottom up approaches based on citric acid were used to
prepare GQDs as these approaches present as easy to use, scalable and reproducible.
Paper 1 [1] applied the method of Wu et al. [27], which forms GQDs by the pyrolysis
of citric acid in the presence of dicyandiamide as reduction agent: 70 mg citric

acid and 250 mg dicyandiamide are resolved in 4 ml DI water in a stainless steel

J05nm UV light

180 *C 3

& Carbon Nitigen & Davgen
dicyandiamide V-Giraphene Quantuam Dots

Figure 2.2: Illustration of the formation process of GQDs from citric acid and
dicyandiamide (Reprinted with permission from [27]. ©(2014) The
Royal Society of Chemistry). A solution of dicyandiamide and citric
acid is heated to 180° C for 3 h. GQDs are formed due to the pyrolysis
of citric acid and contain nitrogen at the edges due to dicyandiamide.

autoclave and heated to 180° C for 3 h on a hot plate under continuous stirring.
Afterwards waste is removed by dialysis (see the methods section of Paper 1 for
more details). Figure 2.2 illustrates the hydrothermal process. The as prepared
GQDs emit their strongest fluorescence at an excitation wavelength of 360 nm and
do not emit fluorescence at 488 nm excitation. Excitation at 488 nm is preferable

for medical applications as this avoids excitation of cells with UV light and most
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2.1. Preparation of graphene quantum dots

medical standard devices like flow cytometers and fluorescence microscopes are
equipped with a 488 nm argon-ion laser. Therefore Paper 2 [2] and Paper 3 [3]
applied the method of Qu et al. [56]. Qu et al. also use citric acid as carbon source
but change the reduction agent to diethylentriamine. Briefly, 210 mg citric acid
and 340 mg diethylentriamine are stirred in a stainless steel autoclave and heated
to 180° C for 6 h before waste is removed by dialysis. The change of the reduction
agent from dicyandiamide to diethylentriamine leads to GQDs that still have their
fluorescence maximum at 360 nm excitation but also have some absorbance at the
n — 7* transition of the N state (see chapter 1.2.1) and therefore emit fluorescence

in the yellow at 488 nm excitation.

The preparation process inside a stainless steel autoclave does not allow to monitor

(@)

300

Figure 2.3: (a) Temperature profile and (b) pressure profile of the microwave
assisted GQD synthesis. The sample is heated to 180° C and the
temperature is kept for 2 minutes. Afterwards the sample is cooled
down within 2.5 minutes. During the synthesis the pressure never
exceeds 2 bar. The red and the blue straight line show the temperature
and the pressure maximum that are set for this reaction.
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temperature and pressure during the reaction, may be dependent on the surface
area of the autoclave and is completed by an undefined cooldown process. Therefore,
the reaction process was switched to a CEM Discover SP microwave synthesizer,
which enables the monitoring of reaction temperature and pressure as well as
a defined cooldown process. The synthesis time in the microwave synthesizer
could be shortened to 2 minutes without significant change of the GQD’s optical
properties, while the quantity of chemicals used by Qu et al. was maintained.
The temperature and pressure profile of the microwave assisted GQD synthesis is
shown in Figure 2.3. Within 70 seconds the sample is heated to 180° C and the
temperature is kept for 2 minutes. Afterwards, the sample is cooled down within
2.5 minutes. During the synthesis the pressure never exceeds 2 bar, as the boiling
point of diethylentriamine of 205° C [102] is not reached and the pressure drops to
zero after the cooldown, which means no significant generation of gases takes place
during the reaction. The obtained solution is then filtered by dialysis to remove
waste and obtain an aqueous GQD solution (see the methods section of Paper 2

and Paper 3 for more details).
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2.2 Analysis of graphene quantum dots

2.2.1 Fluorescence spectroscopy and ultraviolet-visible
spectrophotometry
To analyse the optical properties of the GQDs, fluorescence spectroscopy and

ultraviolet-visible spectrophotometry are used. A scheme of the measurement

principle is shown in Figure 2.4. For fluorescence measurements GQDs are solved

Reference
detector Detector

Light source —T

®’\J I

Excitation :
monochromator

Sample Emission
chamber monochromator
Figure 2.4: Scheme of a fluorescence spectrofluorometer. The emission of the
light source is filtered by a monochromator, recorded by a reference
detector and guided to the sample. The sample emits photons in all
directions. For fluorescence spectroscopy the emitted light is detected
perpendicular to the excitation beam (after selection by the emission
monochromator) to avoid detection of the scattered excitation beam.
For absorbance measurements the light is detected parallel to the
direction of the excitation.Comparison with the reference measurement
of the excitation beam allows the calculation of the sample’s absorbance.

in water at a defined concentration and given into a cuvette that is placed inside
the sample chamber of the spectrofluorometer. A light source with a continuous
spectrum is filtered by a grating monochromator to select the excitation wave-
length. The selected light is recorded by a reference detector before the light is
guided to the sample. The excited sample emits light in all directions and the
emitted light is detected perpendicular to the excitation beam to avoid detection
of scattered excitation light. Before the light is detected it is selected by the
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2.2. Analysis of graphene quantum dots

emission monochromator, which consists out of a grating and two slits. A stepper
motor changes the position of the slits to scan the whole spectrum of emission
wavelengths for a given excitation wavelength. Absorption measurements, which
are usually mentioned as ultraviolet-visible spectrophotometry (UV-Vis), follow the
same principle, but the light is detected in parallel to the direction of the excitation

instead of perpendicular. The samples absorbance can than be calculated as
Iy
E= loglol— =e€-c-d [103] (2.1)
1

with the absorbance E, the recorded reference signal I of the excitation intensity,
the detected signal I after passing the sample, the extinction coefficient €, the
molar concentration ¢ and the thickness of the sample d. For all experiments in
this thesis the HORIBA Fluoromax 4 spectrofluorometer was used for fluorescence
measurements and absorption measurements were carried out on the Agilent

Technologies Cary 4000 UV-Vis spectrofluorometer.

2.2.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method to measure the elemental
composition, chemical states and electronic states at the surface of a sample. The
method was significantly developed by Kai Siegbahn [104] who finally got the
Nobel Prize in Physics 1981 for that achievement [105]. The method is based on
the photoelectric effect [106]: A sample is irradiated by X-ray with the energy
E = hv under ultra high vacuum and the sample is grounded to avoid charging. If
the excitation energy is high enough, electrons from atoms in the surface region
are knocked out of the electron shell and released in the surroundings with a
well-defined kinetic energy Fy;, (external photoelectric effect). The kinetic energy
of the released electrons is measured by a hemispherical capacitor and the binding

energy of the electron can be calculated as:

The binding energy of the electron is dependent on the atomic orbital where the
electron comes from and on the chemical composition of the sample. Therefore not
only information about the chemical composition but also more specific information

about functional groups (that have slightly different binding energies) can be
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2.2. Analysis of graphene quantum dots

obtained by XPS. The information depth is dependent on the mean free path of
the electrons through the sample and is usually in the range of a few nm. [107]

The principle and a typical XPS-measurement are shown in Figure 2.5.

e *aka ESCA
oto-electron Spectroscopy*
Electron Spectrum
[310000
Cu XPS
3 2p3 Survey Spectrum
§ of Pure Copper
3 (Cu)
g =
%i g Cu
8
& E 2p1
1@
s Cu Cu Auger
1% electrons Cu 2]

Usual Analysis
Area and Depth

fetetetetetetetelete
Top 20 atomic layers

Figure 2.5: Illustration of a XPS setup and the basic physical principles. Picture
taken from [108], marked as public domain. Photoelectrons are emitted
after X-ray irradiation and have different kinetic energies according to
their atomic orbital. Their binding energy can be calculated out of the
measured data using EFp = hv — Ey;,, which leads to substance and
orbital specific peaks.

The XPS-measurements in the present work were carried out by Dr. Besmehn and
Dr. Hartmann at ZEA-3 of Jiilich Research Center on a Phi5000 VersaProbe II
XPS instrument. For that purpose the GQDs were dried immediately before the
measurement at a concentration of 500 pgml™! on an Au-substrate and measured

under ultra high vacuum.

2.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) uses a beam of electrons which is trans-
mitted through a specimen to form an image with a significantly higher resolution

as compared to light microscopes, due to the smaller de Broglie wavelength of the
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electrons. The technique was developed by Max Knoll and Ernst Ruska in 1931
and Ruska was awarded the Nobel Prize in Physics 1986 for that achievement [109].
Figure 2.6 shows the layout and the path of the electrons of a typical transmission

electron microscope: The whole system is operated under ultra high vaccum. The

Electron Gun

System of condenser lenses
‘ Condenser aperture

Specimen

Objective lens

In back focal plane of

Objective lens Objective aperture

Selected area aperture

Intermediate lens
(strength changes between two regimes)

Screen

Image

Figure 2.6: Layout of the optical components and path of the electrons in a basic
TEM. Picture taken from [110] under Creative Commons Attribution-
ShareAlike 4.0 International license.

electron gun often consists out of a tungsten filament that is connected to a high
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voltage source (100 - 300 kV) and emits electrons by thermionic or field electron
emission [111]. The emitted electrons are accelerated by electrostatic plates and
focused into a nearly parallel beam on the specimen by the condenser lens system,
which consists of solenoid coils that guide the electrons through magnetic fields.
Due to Rutherford scattering the electrons change their direction of movement
while passing the sample. Electrons that are scattered elastically are focused in the
back focal plane of the objective lens. The objective aperture enables to remove
scattered electrons, which creates the mass-thickness contrast, as atoms with a
higher atomic number or thicker areas of the sample scatter electrons at higher
angles. The intermediate and the projector lenses magnify and project the image
on a screen. Another important contrast is the phase contrast: Before an electron
hits a crystalline sample it can be approximated as a plane wave. Inside of the
sample the electron wave experiences phase shifts, due to interaction with the
positive potential of the atom cores, which reflect the periodic arrangement of the
atoms in the crystal lattice. Using the phase contrast of the electron exit wave,
that is a superposition of a plane wave and many diffracted beams, resolutions as
good as 0.5 A are possible [112]. A detailed description how to obtain the phase
contrast image can be found in [113].

The TEM images of this thesis were taken by Martina Luysberg at the Ernst
Ruska-Center of Jilich Research Center on the Titan G3 50-300 PICO [114].
For that purpose the GQDs were dried immediately before the measurement at
a concentration of 20 pgml™! on ultra thin amorphous carbon TEM grids and

measured under ultra high vacuum.

2.2.4 Raman spectroscopy

Raman spectroscopy is a method to measure vibrational modes of molecules, which
gives information about chemical composition, chemical bonding, intramolecular
bonds and the crystallographic orientation of a sample [115]. The technique is
based on the inelastic scattering of light, which was predicted by A. Smekal in
1923 [116] and for the first time observed in an organic liquid by C.V. Raman and
K. S. Krishnan [117] and in inorganic crystals by G. Landsberg and L. Mandelstam
in 1928 [118]. The Nobel Prize in Physics 1930 was awarded to Raman for this
discovery [119].

Figure 2.7 shows a basic Raman setup: A laser is focused in a line on the sample

(by removing the cylindrical lens this can also be done using a spot) that is usually
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placed in a mirrored sample holder. The external electric field of the illuminating

microscope dichroic cylindrical

objective mirror lens

sample
lens @ ccD

detector
vibrational
frequency

I

position
spectrometer on sample

Figure 2.7: Schematic of a Raman spectrometer. Picture taken from [120] under
Creative Commons Attribution 3.0 Unported license.

light interacts with the electron cloud of the sample (it is important that the laser
light does not excite the molecule, no fluorescence is emitted). This interaction
changes the rotational or the vibrational state of the molecule: the photon of the
illuminating light may transfer energy to the scattering molecule, which is called
Stokes-Raman-scattering or the scattering molecule may transfer energy to the
photon, which is called Anti-Stokes-Raman scattering. The scattered light then
has a slightly different wavenumber and energy as compared to the illuminating
light and is filtered out by a dichroic mirror, which guides the light through a lens
to a spectrometer to analyse the energy shift. Usually this so called Raman shift

1

is reported in wavenumbers in the unit em ™", which is calculated by:

Ay(cm‘l):<)\0(1 S >><107”m (2.3)

nm)  Ai(nm) cm

where Av is the Raman shift, )y the excitation wavelength and \; the measured
wavelength.

The Raman spectra used in this thesis were taken by Bastian Moll from the
Institute for Inorganic Chemistry and Structural Chemistry of Heinrich-Heine-
University Diisseldorf on a Bruker MultiRam-FT Raman spectrometer equipped
with a ND:YAD-laser (excitation wavelength 1064 nm). For that purpose the
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GQDs were measured in water dispersion at a concentration of 100 mgml~! in a

mirrored cuvette with a laser power of 950 mW for 5000 scans.

2.3 Analysis of the cells exposed to graphene

qguantum dots

2.3.1 Flow cytometry

Flow cytometry is a method to measure the characteristics of cells based on the
scattering of laser light as well as the fluorescence of the cell that is excited by
the laser light. W. Dittrich and W. Goéhde developed the first fluorescence based
flow cytometer in 1968 [121] and Becton Dickinson developed the first fluorescence-
activated cell sorting device (FACS) in 1974. FACS is often used as a synonym
for flow cytometry although it is a registered trademark of Becton Dickinson and

many flow cytometers do not allow cell sorting [122].

Figure 2.8 shows the setup of a flow cytometer: A cell suspension enters the device
and single cells are pulled out of the suspension by a sheath fluid, which is called
hydrodynamic focusing [123]. The single cells are guided to a laser beam, which
is scattered by the cell. The scattered light is measured in direction of the laser
beam (forward scatter, often called FSC), which is a measure for volume, and
perpendicular to the direction of the laser beam (side scatter, often called SSC),
which is a measure for morphological complexity of the cells [125]. Additionally
the cells may be stained with fluorescent antibodies that are excited by the laser
beam. The emitted light is detected by different fluorescence detectors and can be

used as a quantitative measure e.g. for the expression of surface antigens [126].

The flow cytometry data used in this thesis were acquired on a Beckman Coulter
CytoFLEX flow cytometer in close collaboration with Katharina Raba from the
Institute for Transplantation Diagnostics and Cell Therapeutics of Heinrich-Heine-
University Diisseldorf as well as on a BD FACSCalibur flow cytometer in close
collaboration with Ron-Patrick Cadeddu from the Department of Haematology,

Oncology and Clinical Immunology of Heinrich-Heine-University Diisseldorf.
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Figure 2.8: Principle of a flow cytometer. Reprinted with permission from [124]
(©(2013) Springer Nature.

2.3.2 Confocal fluorescence microscopy

Confocal fluorescence microscopy, often mentioned as confocal laser scanning
microscopy, is a method that uses a pinhole to block out-of-focus light, whereby
the resolution and contrast of a micrograph is increased [127]. The first confocal
optical system was developed by H. Goldmann in 1940 for the purpose of eye
examinations [128]. M. Minsky used the confocal principle in 1955 for the first
confocal scanning microscope [129] and M.D. Egger and P. Davidovits built the

first confocal laser scanning microscope in 1969 [130].

Figure 2.9 shows the principle of a confocal fluorescence microscope: Excitation
light is emitted through a pinhole, reflected by a dichromatic beam splitter and
focused on a specimen by the objective. The excited fluorescence light is focused
in an optically conjugate plane, where a pinhole is placed. Only light from the
chosen confocal plane is able to pass through the detector, light from planes below

or above the confocal plane is blocked. In that way only one point at a time is
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illuminated, therefore it is required to scan over a raster to form 2D or 3D images,
which is done by moving the stage that holds the specimen in x-,y- and z-direction.
The confocal fluorescence micrographs used in this thesis were taken on a Zeiss
LSM 710 confocal laser scanning microscope at the Center for Advanced Imaging

of Heinrich-Heine-University Diisseldorf.
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Figure 2.9: Principle of a confocal fluorescence microscope. Reprinted with per-
mission from [131] (©)(2004) Springer.

2.3.3 MTT and XTT assay

The MTT and the XTT assay are methods to measure cell metabolic activity. Under
defined conditions this may be a measure for the number of viable cells. The MTT
assay is based on the addition of the tetrazolium dye MTT 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide to the cells, which reduce the dye through
NAD(P)H-dependent cellular oxidoreductase enzymes to its insoluble formazan.
DMSO has to be added to solve the formazan. In contrast to MTT the formazan
has a high absorbance in the range between 500 nm and 600 nm (see Figure 2.10)
and therefore the degree of light absorbance is a measure for the cells capability
of metabolizing formazan. [133,134] As many cell culture media like DMEM also

absorb in the range between 500 nm and 600 nm the cell culture medium has to be
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Figure 2.10: Absorbance of MTT, formazan and DMEM (which is a cell culture
medium). The maximum absorbance of formazan is around 560 nm
where the absorbance of MTT is essentially zero. Taken from [132]
under Creative Commons Attribution 4.0 International license.

washed away before the measurement or the absorbance of the cell culture medium
has to be substracted out of the measured data.

The XTT assay is based on the same principle but uses XTT (2,3-bis-(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) as dye, which has the ad-
vantage that its formazan is water-soluble, which avoids the final solubilization
step [135].

2.3.4 Gene expression profiling based on microarray technique

Gene expression profiling compares the expression levels (which are a measure for
gene activity, that is quantified by measuring the amount of mRNA) of a large
number of genes between two or more samples. It creates a global view on the
cellular function and gives insight into the role of gene expression changes during
disease development. Therefore, gene expression profiling is widely used not only
in cancer research [136,137] but also to understand the underlying mechanisms of
neurodegenerative diseases [138] and to monitor the toxicity of drugs [139].

Figure 2.11 shows the principle of gene expression profiling based on microarray
technique. At least two samples are compared with each other - one represents the
control and the other the condition(s) under study. The entire RNA (including
the mRNA) is extracted and purified from the cells. Using reverse transcription
polymerase chain reaction the RNA is transcribed into cDNA [141]. Furthermore,
the ¢cDNA is labeled with a fluorescent dye. Due to Watson-Crick base pairing

there exists one specific DNA sequence that can hybridize with the corresponding
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Figure 2.11: One-color expression analysis uses a single fluorescent label (green
wavy lines) and two chips to generate expression profiles for two
cell samples. Activated and repressed genes (green and red squares,
respectively) are obtained by superimposing images obtained from
different chips. Reprinted with permission from [140] ©(2003) Nature
Publishing Group.

cDNA. These DNA fragments are bound in large amounts at defined positions
on a chip. After hybridization with the cDNA the fluorescence intensity at the
defined positions on the chip quantifies the amount of mRNA (one might also
look at other types of RNA like miRNA) and therefore the expression of the given
gene. Superimposition of the images on the chips for different conditions allows

for quantitative comparisons.
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Uptake dynamics of graphene quantum dots into
primary human blood cells following in vitro
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Human leukocytes obtained from samples of leukapheresis products of three healthy donors stimulated by

granulocyte colony stimulating factor (G-CSF) were exposed to graphene quantum dots. A time- and

concentration dependent uptake was observed with a significantly greater uptake into monocytes and

granulocytes in comparison to lymphocytes, suggesting a better incorporation ability of cells with

phagocytotic properties. The uptake rates also correlate with the cell membrane area. Looking at the
different lymphoid subsets a greater uptake was found into CD19" B-, CD56" natural killer cells and
CD34* hematopoietic stem cells (HSC) in comparison to CD4* T- and CD8" T cells. Independent of the
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cell type studied, the observed uptake dynamics is consistent with a diffusion-driven process, which

allows the determination of cell-specific membrane permeabilities for the graphene quantum dots. The
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1 Introduction

Semiconductor quantum dots are used in many fields of biology
and medicine, like long term imaging of various normal and
malignant cells in vivo and in vitro,"” cancer diagnostics®>* and
therapeutic tumor cell targeting.>® Their application is advan-
tageous because of their long-term photostability, tunable color
and high photoluminescence quantum yield. Still, potential
toxic side effects are an important issue prompting the search
for suitable alternatives which also necessitate comprehensive
studies as far as biocompatibility, toxicity and applicability are
concerned. Graphene quantum dots (GQDs) are promising
candidates sharing the advantages of semiconductor quantum
dots without their intrinsic toxicity.” In addition, their produc-
tion is relatively easy, reproducible and inexpensive. The spec-
trum of applications includes photocatalysts, ion detectors,
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toxicity of the quantum dots is relatively low resulting in a 90% viability of the entire leukocyte
population after 36 hours of exposure to GQDs at a concentration of 500 pg ml™.

solar cells with improved light-to-energy conversion, drug
delivery and biomarkers.® Due to their solubility in water,
additional coatings are not necessary for studies in bio-
environments. GQDs enter into the cytoplasm of different
human cell lines as well as in human neural stem cells most
likely via endocytosis without obvious negative effects on cell
proliferation.®™* Their fluorescence intensity depends on the
environmental pH value,” a relevant parameter related to
membrane permeability, cell-cell coupling, metabolism and
fertilization.™ In vivo studies have shown that GQDs accumulate
in the kidney with a time constant of approximately 3 hours
after subcutaneous and intravenous injection in mice, before
they are excreted via the urine." As far as cancer therapy is
concerned, it was interesting to observe that GQDs are able to
pass the blood-brain barrier with enhanced uptake in glioma
tissue in comparison to normal brain cells." GQDs are also
believed to enhance the potency and selectivity of cancer drugs
like cisplatin and doxorubicin.'”** While larger sheets of gra-
phene oxide show significant toxicity," GQDs are often
considered to be less toxic with a dependency on particle size,
charge and impurities.>* We are interested in the interaction of
GQDs with blood cells and its stem and progenitor cells,
because the later ones have a great potential of differentiation
and are particularly sensitive to all kind of genotoxic effects. For
instance, in the treatment of patients with cytotoxic chemo-
therapy, the hematopoietic system represents most often the
dose-limiting organ. For our in vitro studies, we used the
preparation process of Wu et al due to its excellent

This journal is © The Royal Society of Chemistry 2017
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reproducibility of the quantum yield and the fluorescence
spectra in our laboratory. The obtained GQDs with a diameter of
approximately 2 nm are not only excellent fluorescence
markers, but are also suitable for drug delivery as well as for
functional studies inside cells."”> We also view GQDs as model
particles for other kinds of graphitic particles, which are
abundantly present in the environment due to e.g. combustion.

2 Results and discussion

2.1 Preparation and characterization of the graphene
quantum dots

The GQDs were prepared by pyrolysis of citric acid** under high
pressure and in the presence of dicyandiamide to ensure
nitrogen adsorbates at their edges.* The dots were purified by
dialysis yielding particles with a minimum mass of 500 Da and
a maximum mass of 20 kDa. Some of these GQDs were placed
on a silicon dioxide substrate for characterization by scanning
force microscopy, showing a height of 0.7 nm to 1.3 nm (see
Fig. S11) which is consistent with one to three layers of gra-
phene.”* TEM images of the GQDs (see Fig. S2t) reveal almost
circular particles with a diameter around 2 nm (ranging from 1-
3 nm). We used X-ray photoelectron spectroscopy (XPS) to
determine the chemical composition. The relative strength of
the C 1s, N 1s and O 1s peaks indicate that the GQDs are
composed of 50% carbon, 30% nitrogen and 20% oxygen atoms
(see Fig. S31). The carbon 1s XPS spectrum is the most relevant
(see Fig. 1A). According to a best fit analysis, the C 1s signal
around an energy of 287 eV is composed of five significant
terms, plus three terms of low weight which will not be dis-
cussed here. Approximately 36% of the total signal strength
originates from a peak centered at 285.0 eV, corresponding to
C-C bonds of sp® hybridized carbon as it is characteristic for
carbon atoms in graphene.”* The peak at 288.2 eV, contributing
a weight of 19.4%, stems from the C=0 double bond, which is
interpreted as oxidized bulk graphene that generates a local sp*-
hybridization. The C=0 double bond also appears in combi-
nation with nitrogen with a similar weight of 16.5% at an energy
of 289.0 eV. We attribute this arrangement to C atoms at the
GQD edge which have only a single bond to one neighboring C
atom of the graphene layer. Furthermore, another 11.0% is
contributed by the O-C=O0 group, which is also a plausible
conformation at the GQD edge. Finally, 8% of the total signal is
due to the C-O single bond. This analysis suggests that about
one third of the carbon atoms in the bulk of the GQDs is
oxidized, and oxygen as well as nitrogen are engaging the loose
bonds of the carbon atoms at the edge. Our results differ
somewhat from those obtained by Wu et al.** for GQDs prepared
by a very similar method. They observed a larger fraction of
nitrogen bonds, which may be explained by the different filter
parameters they used. Absorption- and fluorescence spectros-
copy was carried out for optical characterization (see Fig. 1B and
C). A prominent absorbance peak is observed at a wavelength of
340 nm, which can be attributed to the n-7t* transition the
C=O0 site.”® Along with a reduction of the wavelength below
280 nm, a strong increase in absorption is observed, with
a superimposed peak at =235 nm, which is usually attributed

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) XPS spectrum of the GQDs at the carbon 1s state (dots) and
its composition, based on a best fit analysis. (B) Absorption spectra of
the GQDs in aqueous solution. The upper inset shows the integrated
PL intensity vs. absorbance of quinine sulfate and GQDs at concen-
trations of 3 ug ml™%, 6 pg mi™* and 12 ug ml~* and the lower inset
shows an image of the GQD solution excited with UV light. (C) Fluo-
rescence spectra of the quantum dots as a function of the excitation
wavelength.

to the t-7* - transition of the GQD.** Furthermore, a small
absorption peak of unknown origin is seen at 420 nm. The
absorption shows a long tail towards larger wavelengths as re-
ported earlier.”® This may be due to other graphitic particles but
is of minor relevance here. The absorbance is a linear function
of the GQD concentration, which is characteristic for a homo-
geneous solution of GQDs without absorption by the solvent
itself (see Fig. S47). The fluorescence spectrum depends, in
qualitative agreement with Wu et al., on the excitation wave-
length. Absorption around the peak at 340 nm results in strong

RSC Adv., 2017, 7, 12208-12216 | 12209
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fluorescence at approximately 450 nm, while a smaller excita-
tion wavelength generates a second, weaker fluorescence reso-
nance at 380 nm. Absorption around 420 nm induces
a fluorescence peak close to 530 nm. The strongest fluorescence
around 450 nm results from the n-m* - transition, while the
fluorescence at larger wavelengths may be due to groups at the
GQD edge containing nitrogen.”* The quantum yield was
calculated to be 17% using quinine sulfate as reference (see
inset in Fig. 1B). We note that this is an estimate of the lower
bound since the long wavelength tail of the absorbance has
been attributed to the GQDs. In general, the relation between
the optical spectra and electronic states in GQDs is not yet well
understood.®

2.2 Uptake studies in blood cells from leukapheresis
products of normal donors

In a first step we examined the uptake of GQDs into primary
human cells obtained from the leukapheresis product (LP) of 3
normal donors who had received granulocyte-colony stimu-
lating factor (G-CSF) to mobilize CD34" human progenitor and
stem cells (HSCs) into the peripheral blood for allogeneic HSC
transplantation. Samples of this kind of LPs are enriched for
mononuclear blood cells (MNC) including T and B cells, natural
killer cells monocytes and CD34" HSCs.>>* Still, they also
contain a substantial number of granulocytes which are func-
tionally activated as a result of the exposure to G-CSF for at least

View Article Online
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4 days.*® To look for a potentially different uptake of the various
white blood cell subpopulations a scatter plot was created based
on the expression of the pan leukocyte antigen CD45 and the
side scatter properties of the cells defining three gates: (1)
lymphoid, (2) monocyte, and (3) granulocyte. Monoclonal
antibodies directed against lineage specific antigens were used
to differentiate between the lymphoid subpopulations. The
gating procedure is shown in Fig. 2A-D. Looking at the samples
of the donors we found the usual variation among individuals
as far as the composition of the cell types is concerned.
Reflecting the mode of collection the major population consists
of lymphoid cells with a proportion between 80% and 89%,
while the proportion of monocytes is relatively small ranging
between 1% and 3%. The number and proportion contained
within the samples may also vary depending on the total
number of leukocytes induced following the stimulation by G-
CSF, with a fraction of granulocytes between 7% and 18% in
our series. The median values of leukapheresis products
collected for allogeneic HSC transplantation are 60% leuko-
cytes, 28% monocytes and 12% granulocytes. The deviations in
the samples under study reflect the typical changes observed
after keeping them in cell culture for 36 hours. The majority of
lymphoid cells belongs to the CD3" T cell fraction with a vari-
able proportion of either CD4" T helper or CD8" cytotoxic/
suppressor T cells. There is also a considerable number of
CD19" B cells - varying between 9% and 24% - while the
proportion of CD56" natural killer cells is relatively small. The
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Fig. 2 Gating strategy and composition of the three blood samples: (A) scatter plot of the leukocyte population of donor 2 to differentiate
between lymphocytes, monocytes and granulocytes. (B) Discrimination between CD3* and CD3"9 lymphocytes to assess CD3"*9/CD19™ B cells
(left inset) and CD3"/CD8™ cytotoxic T cells as well as CD3*/CD8"9 T helper cells (right inset). (C) Differentiation of CD3"*9/CD16*/CD56" NK
cells out of the lymphocyte population. (D) Gating of the CD34* stem and progenitor cells. (E) Composition of the three different blood samples.
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composition of the three different blood samples is summa-
rized in Fig. 2E. It should be noted that in comparison to
“steady-state hematopoiesis” the proportion of CD34" cells
representing HSCs is greatly enhanced as a consequence of
a successful G-CSF induced in vivo mobilization.”” Different
from blood samples obtained from normal volunteers during
steady-state hematopoiesis, this kind of sample from cytokine-
stimulated blood allows us to perform uptake studies in an
otherwise extremely rare cell population which is usually
residing in the bone marrow requiring a biopsy for sufficient
yield.

The donor samples were exposed to GQD solutions with
concentrations of 200 pg ml~" as well as 500 pg ml~*, and the
uptake was studied as a function of time via the fluorescence
intensity emitted by the cells. Typical microscopic images of the
fluorescent cells are shown in the insets in Fig. 3A-C following
an exposure time of 36 hours. As seen previously for adherent
cells,”** the GQDs accumulate in the cells without entering the
nuclei. Following the uptake microscopically, we noted an
increase of the fluorescence intensity over time (see Fig. S57).
For a quantitative analysis, the fluorescence intensity distribu-
tion was measured over a period of 36 h for all donor samples in
intervals of 2 hours. A representative example for that kind of
measurement is given separately for lymphocytes, granulocytes
and monocytes in Fig. 3A-C. Starting the incubation at time
t = 0 h, the peaks represent the distribution of the

View Article Online
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autofluorescence. With time elapsing, the mean value of the
intensity increases along with a broadening of the distributions,
as illustrated here for an incubation time of 36 h. It is also noted
that the time dependence of the intensity distribution is cell-
type specific.

These changes of the immunofluorescence distributions as
a function of time were recorded for the three donor samples
using a GQD concentration of 200 pg ml~* and 500 pg ml~* (see
Fig. 3D and E). The mean values of the intensity — with the error
bars representing the corresponding standard errors obtained
for the three samples - show an approximately linear increase
for all three cell types. For all cell types the mean GQD uptake
was approximately 2.5-fold greater when the cells were exposed
to 500 pg ml " instead of 200 pg ml~*, while the mean uptake by
granulocytes and monocytes is 3.6 and 6.7 times greater
compared to lymphocytes, respectively. This implies a cell-
specific GQD uptake with a time independent rate r (given in
the figure) which depends linearly on the GQD concentration in
solution. Assuming that an incubation period of 36 h - partic-
ularly as far as the viability of cells in culture is concerned - at
a concentration of 500 ug ml~' might be an optimal condition
for the signal strength obtainable from the entire population of
leukocytes, a more detailed uptake analysis was performed
based on lineage-specific antigens such as CD34 (HSC), CD3
(pan T cell), CD19 (pan B cell), CD56 (natural killer cell). As
shown in Fig. 4, similar to the findings made with the
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Fig. 3 Changes of the fluorescence intensity histogram in lymphocytes (A), monocytes (B) and granulocytes (C) for donor 2, where the number
counts of cells is plotted as a function of the intensity measured in the Cytoflex PB450-A channel following the exposure to GQDs at
a concentration of 500 pg ml~L. The insets show typical confocal microscope pictures of the various cell types after 36 h exposure to GQDs. The
change of intensity mean values in these three cell types for a GQD concentration of 200 ug ml~* and 500 ug ml~t is shown in (D) and (E). Linear
fits were used to determine the uptake rates r as given in the legend. The error bars represent the standard errors obtained for the three samples.
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intensities observed in stem and progenitor cells (inset in (D)). (F) Temporal evolution of the ensemble — averaged intensity mean values. The

GQD concentration was 500 pg ml~ in all experiments.

leukocytes an uptake of GQDs into the various lymphoid
subpopulations was observed which increases linearly with
incubation time. Representative examples of the evolution of
the intensity distribution as observed for the sample of donor 2
are given for the different subsets. In general, a shift of the
mean immunofluorescence intensity distribution towards
larger mean values is noted. A greater enhancement was found
within CD34" cells, NK- and B cells in comparison to the cyto-
toxic and helper T cells. The combined results observed in our 3
normal donors following the various incubation periods are
shown in Fig. 4F. Again as for the leukocytes in total, the mean
value of the intensity is specific for each lymphoid subset and
increases linearly with time, with rates 7, = 8.3 h™* for T helper
cells, rer = 9.4 h™ " for cytotoxic T cells, ryx = 17.7 h™* for NK
cells, r5 = 20.1 h™* for B cells and rgem = 22.2 h™* for stem and
progenitor cells.

We proceed with an analysis of the uptake dynamics. Due to
the approximately linear dependence of the uptake as a func-
tion of both time and GQD concentration in solution ¢, its
dynamics is qualitatively consistent with a diffusion process, i.e.
a process driven by a concentration gradient across the cell
membrane, which can be described by the diffusion equation j
= PAc, where j denotes the particle current density into the cell,
P the permeability of the cell membrane for the GQDs and Ac =
Csol — Ceen the difference of the GQD particle concentration
between the solution and the intracellular space. The diffusion
model allows an order-of-magnitude estimate of P. For the GQD
mass concentration in solution of 500 ug ml™, ¢y, can be
estimated using the GQD size of approximately 2 nm,"” an
average of two graphene layers per quantum dot and their
composition as given on the basis of the XPS analysis to 4 x 10"°

12212 | RSC Aadv., 2017, 7, 12208-12216

cm *. By comparing the fluorescence light intensity of the GQD
solution and the cells prior to and after the uptake experiments
(see Fig. S61), we find that the 10° cells per sample take up
approximately 0.7% of the GQDs in the solution. This leads to
an estimation of the extent of the uptake. After 36 h incubation
time, the number of GQDs per cell amounts to 1.9 x 10%, 6.9 x
10% and 1.3 x 10° for lymphocytes, granulocytes and monocytes,
respectively. As can be seen from the fluorescence images in
Fig. 3A-C, the particles distribute homogeneously in the cyto-
plasm but do not enter the nucleus. For the cytoplasm volumes
of Vep(L) = 62 pm?, Vp(G) = 120 pm?, Vp(M) = 150 pm?*,** we
find an average distance between the GQDs in the cytoplasm
between 5 nm for monocytes and 7 nm for lymphocytes, under
the assumption that the cells do not swell due to the uptake.
These values illustrate the leukocyte's large capability for GQD
incorporation.

Since the fraction of the GQDs entering the cells is quite
small, we assume Ac as time-independent, which is in accor-
dance with the fact that no saturation of the uptake is observed.
With the presumption that the GQD uptake is proportional to
the GQD-induced fluorescence intensity, we obtain particle
uptake rates per cell of 890 s~ for lymphocytes, 3190 s~ * for
granulocytes and 5950 s ' for monocytes. With the reported
average cell membrane areas of 270 um? for lymphocytes, 300
um? for granulocytes and 430 pm® for monocytes,** the GQD
influx densities j are =3.3 ym > s!, =10.6 um > s ', and
~13.8 um > s~ ', corresponding to membrane permeabilities
for the GQDs of P = 8.3 x 10 " ms™!, =2.7 x 10 ® ms™ ' and
~3.5 x 107" ms™" for lymphocytes, granulocytes and mono-
cytes, respectively. These permeabilities are plausible values
considering that they are significantly smaller than those for

This journal is © The Royal Society of Chemistry 2017
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large molecules, like P(erythritol) = 6.7 x 10" ms™ " (ref. 32)
or P(glycerol) = 1.6 x 10~ ° ms™*,* since it is well-known that P
decays approximately exponentially as the size of the particle
increases.** While the permeabilities of the granulocyte and
monocyte membranes are comparable, that one of the
lymphocytes is a factor of about four smaller. Our results
therefore imply that the differences in the uptake rates between
lymphocytes and other leukocytes cannot be solely explained by
the cell size, even if the relatively large size variation of the
monocytes* is taken into account. The measurements rather
suggest that the uptake mechanisms differ. Electrostatic effects
may be considered as an explanation, since it is well-known that
the membrane potential influences the uptake of charged
particles. While typical zeta potentials of GQDs in aqueous
solution of —10 mV to —48 mV have been reported in litera-
ture,"** we are not aware of significant differences among the
membrane potentials of the various leukocyte subtypes of
approximately —60 mV,** and such differences are also not to be
expected considering that the cells are not excitable. We
therefore discard electrostatic effects as possible explanation. It
is, however, notable that the preferential uptake is observed for
cell types with a preponderance for phagocytosis, a correlation
which may be worth further studies.

As can be seen in Fig. 4, the uptake rates of the lymphocyte
subspecies fall into two categories. A faster uptake is observed
for stem and progenitor, NK and B cells, while that one of T and
T helper cells is relatively slow. To the best of our knowledge,
corresponding differences in the cell sizes are not reported.
Furthermore, this bimodal behavior does not correlate with the
cell's phagocytotic activity, even though B cells are capable of
absorbing objects. The distribution of the uptake for the stem
and progenitor cells is particularly broad and shows
a pronounced, long tail towards large values, see the inset of
Fig. 4D. Their relatively large uptake rate may therefore indicate
a differentiated hierarchical heterogeneity in relation to the cell
evolution. In this context, a recent article of D'Aveni et al. is of
interest, who describe a particular subset of monocytic CD34"
cells which are only seen in individuals who had received G-CSF
like our normal donors.” It is tempting to speculate that the
subset of bright CD34" cells in our samples could represent that
type of monocytic HSC with a more avid uptake of GQDs.

Some further insight regarding the uptake dynamics can be
gained by a separate study of the GQD-induced fluorescence
intensity distribution Q(I). The measured intensity distribution
H(I) is a convolution of the autofluorescence A(I) and of Q(I),
expressed by

H(I) = J: A(T = 1)O(J)dT

where I and J denote the fluorescence intensities. In Fig. 5, Q(I)
as obtained from the measured distributions H(I) and A(I) of
Fig. 3A-C is shown. It was extracted via the convolution theorem
which states that Q* = H*/A*, where * denotes the Fourier
transform of the corresponding distribution, followed by
a Fourier back transformation. All cell types show a multi-
peaked distribution, which suggests that they contain sub-
populations with markedly different GQD uptake rates. Two

This journal is © The Royal Society of Chemistry 2017
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well-separated peaks are observed for the lymphocytes, and it
appears self-evident to attribute them to the two subgroups
showing small and large uptake rates (see Fig. 4). This could
conceptually be checked by summing up the GQD-induced
components of the distributions measured for the five
lymphoid subsets represented in Fig. 5, but the noise in some of
the spectra is too large for a meaningful deconvolution. For the
granulocytes and monocytes, the distributions are much
broader, containing two and three overlapping peaks, respec-
tively. The possibility of counting two or three cells sticking
together as a single cell of correspondingly increased intensity
can be safely excluded by the gating procedure. Furthermore,
this structure cannot be correlated to cell subpopulations and
suggests that other mechanisms exist which determine the GQD
uptake rate within one cell type.

Even taking into account a potential decrease of the
permeability among the various leukocyte populations during
the incubation period this would rather be viewed as a contin-
uous process and therefore does not explain distinct peaks in
the uptake rates. As a second possibility, different charge states
of the GQDs in solution may be considered, which would result
in charge-specific uptake rates. However, since all cells are
exposed to the same GQD ensemble, this should lead to
a qualitatively identical peak distribution for all three cell types,
which is not observed. The reasons for this behavior may be
related to different functional states of unidentified character
and require further studies. It should be noted that this struc-
ture is visible at all exposure times.

2.3 Toxicity studies

The question of toxicity was addressed using the XTT viability
assay concentrating on the total population of mononuclear
cells without particular subset analysis (see Fig. 6). Over the
entire period of 36 h covered by 2 h incubation intervals we
observed a time- and concentration dependent approximately
linear decrease with regard to the proportion of viable cells. The
strongest effect was observed during the last 12 h of incubation
at a concentration of 500 ug ml™" resulting in a proportion of
90% viable cells in comparison to the untreated controls (see
Fig. S77 for the control measurement of all intervals).
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concentrations.

Putting our findings in the context of the current literature,
there are only few studies on the effects of GQDs on blood cells.
There is one report showing that large graphitic flakes with
diameters in the range of 300 nm to 1 pm cause apoptosis in red
blood cells and in macrophages, most likely through generation
of intracellular reactive oxygen species (ROS),”” which is in line
with earlier studies on skin fibroblasts.*® In this study, a GQD-
triggered increase of in vivo haemolysis has been observed as
well. GQDs also induced apoptosis and inflammatory reactions
in macrophages following exposure to GQDs. This was accom-
panied by expression of characteristic response factors such as
interleukin-8 or tumor necrosis factor.*® Interestingly, in an
animal model using rats no significant toxicities were observed
at different doses up to 10 mg g '.** The general cytotoxicity is
apparently not influenced by functional groups attached to
GQDs." As far as the aspect of toxicity is concerned within our
experimental setting, the CD34" cells would be of particular
interest for further studies, as they represent the stem cell
population responsible for the lifelong self-renewal of the
hematopoietic system, whereas granulocytes and monocytes
have a half live of only a few hours, thus representing target cells
of immediate and not long time toxicity.

3 Conclusions

In our studies we assessed the new generation of quantum dots
based on graphene with regard to their uptake properties into
primary human blood cells consisting of a broad spectrum of
leukocyte subsets which include the rare population of CD34"
hematopoietic stem and progenitor cells. The in vitro exposure
resulted in a time- and concentration dependent cellular uptake
leading to significant intracellular concentrations of quantum
dots without undue toxicity. We found that the uptake rate in
granulocytes and monocytes is significantly greater as compared
to lymphocytes, a difference that cannot solely be explained by
the variations in cell size alone but rather implies an intrinsic
difference of the effective cell membrane permeabilities. As the
leukocytes of the same species show multi-peaked uptake rates
we suggest that some functional diversity among the subsets
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exists which requires further assessment. The open questions in
mind we consider these readily available GQDs as promising
compounds for in vivo an in vitro cell tracking studies as well as
low weight carriers for different molecules such as mRNA for in
vitro vaccination CD34" cell derived dendritic cells.

4 Experimental section
4.1 Materials

Citric acid (ACS reagent, =99.5%), dicyandiamide (99%), Fetal
Bovine Serum (FBS), Iscove's Modified Dulbecco’'s Medium
(IMDM), i-glutamine-penicillin-streptomycin solution, Dul-
becco's Phosphate Buffered Saline (PBS) and the Cell Prolifer-
ation Kit II (XTT) were purchased from Sigma Aldrich. Float-A-
Lyzer dialysis devices (100-500 Da and 20 kDa) and sterile
filters (200 nm) were obtained from VWR and antibodies
against CD45-APC, CD16/CD56-FITC, CD3-PE, CD34-PerCP-
Cy5.5, CD8-PE-Cy7 and CD19-APC-H7 were purchased from
BD biosciences.

4.2 Synthesis of graphene quantums dots (GQDs)

Fluorescent GQDs were synthesized according to the method of
Wu et al.®® with slight modifications. 70 mg citric acid and
250 mg dicyandiamide were dissolved in 4 ml DI water and
heated to 180 °C on a hot plate for 3 h under continuous stirring
in a 10 ml stainless steel autoclave. The obtained aqueous
solution was centrifuged with an Eppendorf MiniSpin® at
13 400 rpm for 15 minutes to remove insoluble residual. Citric
acid and dicyandiamide waste were removed by dialyzing 10 ml
of GQD solution against 2 | of DI water for 48 h with one water
exchange after 24 h using a 100-500 Da dialysis membrane.
Afterwards larger particles were filtered out with a 20 kDa
membrane. Finally, the GQDs were dried and weighed using
a Sartorius A 200S electronic analytical balance.

4.3 Characterization of GQDs

Photoluminescence properties were measured using a Horiba
FluoroMax®-4 spectrofluorometer and absorbance spectra were
taken with an Agilent Cary 4000 spectrophotometer. The
quantum yield (QY) was obtained using quinine sulfate (QS)
dissolved in 0.5 M H,SO, as reference (QYqs = 54%). The
concentrations 3 pg ml~', 6 ug ml~ " and 12 ug ml~* of OS and of
the GQDs were excited at a wavelength of 346 nm and 360 nm,
respectively. The integrated fluorescence intensities were
plotted vs. the corresponding absorbance values from which the
slopes were determined. The quantum yield was calculated

MGQDsMGQDs >

using QYgqops = QYqs X where m is the slope and

Mqsnos”
n the refractive index of the solvent. Confocal fluorescence
microscopy was performed on a Zeiss LSM710 laser scanning
system and AFM measurements were executed using the
tapping mode of a Veeco 3100 with SiO, as substrate. XPS data
were collected on a PHI 5000 Versaprobe II XPS microprobe
instrument using Au as substrate and TEM images were taken
with the Titan G3 50-300 PICO* on amorphous carbon TEM
grids.
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4.4 Collection of leukapheresis derived blood samples from
normal donors

The primary human cells for our study were obtained from
leukapheresis products (LP) of three normal individuals who
served as HLA-identical donors for an allogeneic blood stem cell
transplantation (SCT) in patients with hematological malig-
nancies. For the purpose of blood stem cell collection, the
normal donors had received granulocyte colony stimulating
factor (G-CSF) at the usual dose of 480 pg per day over a time
period of 4 to 5 days in order to increase the number of circu-
lating human progenitor and stem cells (HSC) - as defined by
the expression of CD34 on the cell surface - in the peripheral
blood for allogeneic HSC transplantation. On average, the
treatment with G-CSF in normal individuals leads to a 100-fold
increase in the concentration of CD34" blood stem cells in
comparison to steady-state hematopoiesis. Samples of this kind
of LPs are enriched for mononuclear blood cells (MNC)
including T and B cells, natural killer cells monocytes and
CD34" HSC. In that respect, the samples that we used for our
experiments are unique with regard to their content of early
hematopoietic stem and progenitor cells. Still, they also contain
a substantial number of granulocytes which are functionally
activated as they had been exposed to G-CSF for at least 4 days.

4.5 Cell preparation

Blood samples from leukapheresis products of three healthy
donors were used for the in vitro studies. From each of them
a sample of 1 ml was obtained and lysed two times using 50 ml
ammonium chloride to remove erythrocytes. The remaining
leukocytes were resuspended in Iscove's Minimal Dulbeco
Medium (IMDM) containing 20% Fetal Bovine Serum (FBS) and
1% r-glutamine-penicillin-streptomycin solution and cultivated in
a Heracell TM 150i incubator in a humidified atmosphere at 5%
CO, and 37 °C. 500 pul per well of cell suspension were dispensed in
24 well plates at a final concentration of 2 x 10° cells per ml.

4.6 Cell cultivation for GQD uptake studies

GQDs were dissolved in cell culture medium at concentrations
of 1.2 mg ml™" and 3.0 mg ml™ ' and the obtained solutions
were sterile filtered. From the beginning of the cultivation
period - termed as time point 0-100 pl of the GQD solutions
were added in 2 h intervals into the wells to achieve GQD
concentrations of 200 pg ml~ " and 500 pg ml ™. The cultivation
was stopped after 36 hours. As a result, uptake measurements
for a total of 18 different incubation periods are available. In
parallel, the same amount of sterile filtered cell culture medium
without containing GQDs was added to the wells serving as
control. After 36 hours all samples were washed two times with
PBS (centrifugation for 5 minutes at 470g) and stained with
antibodies as detailed below.

4.7 Immunocytological characterization of blood-derived
mononuclear cells

To look for a potentially different uptake of the various MNC
subpopulation monoclonal antibodies directed against lineage-
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and differentiation specific antigens, i.e. CD45-APC, CD16/CD56-
FITC, CD3-PE, CD34-PerCP-Cy5.5, CD8-PE-Cy7 and CD19-APC-H7
were used. The cells were incubated for 15 minutes with 5 ul of
each antibody per sample and fixed with 150 pl 4% formaldehyde
solution, before the cells were transferred to a 96 well plate for
flow cytometry analysis. Debris was removed by gating the living
cells in a forward vs. sideward scatter plot (FSC vs. SSC). Out of all
living cells, gates were set individually for each sample, in a CD45
vs. SSC plot to assess lymphocytes, monocytes and granulocytes
as established in immune-phenotyping of leukemia* and the
analysis of human bone marrow specimens.** To distinguish
between lymphocyte subpopulations, CD3" and CD3" cells were
gated in a SSC vs. CD3 plot. NK cells (CD3"“¥/CD16'/CD56") were
gated out of the lymphocyte population in a CD3 vs. CD16/CD56
plot and B-cells (CD3"°¢/CD16"¢/CD56"¥/CD19") were gated out
of the CD3 negative cells in a CD16/CD56 vs. CD19 plot. Cytotoxic
T cells (CD3'/CD8") and T helper cells (CD3"/CD8"®) were
differentiated out of the CD3" population in a CD3 vs. CD8 plot.
Finally, stem and progenitor cells (CD45'/CD34") were assessed
with a CD34 vs. CD45 plot. The gating strategy is shown in Fig. 2.
Information regarding the occurrence of NK cells, cytotoxic T
cells, T helper cells, B-cells and stem and progenitor cells is given
in relation to the lymphocyte population out of the CD45/SSC
plot, whereas the occurrence of lymphocytes, monocytes and
granulocytes is given with respect to the whole leukocyte pop-
ulation, ie., the sum of lymphocytes, monocytes and gran-
ulocytes out of the CD45/SSC plot. FACS analysis was performed
using a Beckmann Coulter CytoFLEX flow cytometer with an
automatic 96-well-plate loader. The FACS is equipped with
a 488 nm and a 638 nm laser beam, measuring the antibody-
coupled fluorescence dyes in the APC, PE, PC5.5, APC-A750,
PC7 and FITC channels and a laser beam with an excitation
wavelength of 405 nm, measuring the GQD induced fluorescence
in the PB450 channel. For each sample at least 100 000 events
were recorded permitting a statistically valid evaluation with
a minimum of at least 1000 cellular events per sample and cell
type. The mean fluorescence intensity recorded for a particularly
labeled blood cell was subtracted by the respective auto-
fluorescence observed in the control and the resulting “true
fluorescence activity” taken as the parameter reflecting the
cellular uptake of GQDs. The analysis was carried out using the
Beckmann Coulter CytExpert software.

4.8 Cell viability

Cell viability was determined by the standard XTT assay. Briefly,
100 pl per well of cell suspension with a final concentration of 2
x 10° cells per ml were dispensed in 96 well plates. The cells
were treated with 20 pl of sterile filtered GQD containing cell
culture medium for each concentration and with sterile filtered
pure cell culture medium for the controls. 60 pul XTT labeling
solution was added and incubated for 4 h before the absorbance
at 490 nm was measured with an ELISA microplate reader.

4.9 Ethical statement

All experiments were performed in compliance with the relevant
laws and institutional guidelines and have been approved by the
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Figure S 1: The GQDs deposited on SiOy as seen by an atomic force microscope. Their
apparent width is ~ 20 nm, which is much larger than their true width, in accordance with
earlier works. The height of less than 1nm indicates single-layer graphene.

Figure S 2: Transmission electron microscope picture of the graphene quantum dots used in
the experiment. The quantum dots appear as full, dark circles on top of the substrate, an
amorphous carbon grid of 5 nm thickness. Some of the dots are marked by an arrow.
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Figure S 3: (A) Overview of the XPS spectrum of the GQDs. the three dominant peaks are
due to the electrons excited form the 1s staes of the carbon, nitrogen and oxygen atoms,
respectively. The fine structures of the N1s- and Ols- resonances are shown in (B) and (C),
respectively. Their best fit analysis is in qualitative agreement with that one of the Cls
- peak discussed in the main text. In particular, the absence of nitrogen-oxygen bonds is
remarkable.
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Figure S 4: The dependence of the absorbance of the GQD solutions depends linearly on the
GQD concentration and implies that the absorbance of the solvent is negligible.



Figure S 5: Fluorescence intensity of the cells prior to (upper part) and after exposure to
GQDs for 36 hours (lower part), as observed in a confocal optical microscope. Before the
exposure to GQDs, the cells appear as dark with respect to a slightly fluorescent environment.
After the exposure, the GQD - induced fluorescence inside the cells dominates the picture.
All microscope parameters are identical, such that the comparison of the intensities by eye
can be taken as a qualitative measure of the uptake.

ot



140000 T T T T T T T T

—— Cells with Q-Dots
—— Control cells

120000

100000

80000

60000

PL intensity (a.u.)

40000

20000

O 1 1 1 1 1 1 1 1
380 400 420 440 460 480 500 520 540

Wavelength (nm)

16000000 B T T T T T T
—— Medium with Q-Dots
—— Control Medium ]

14000000

12000000

10000000

8000000
6000000

PL intensity (a.u

4000000
2000000

0 A
380 400 420 440 460 480 500 520 540
Wavelength (nm)

Figure S 6: Fluorescence spectrum of the GQDs in the cells (A) in comparison to that one
obtained for the solution prior to the addition of the cells (B). After the Raman peak at a
wavelength of 410 nm has been removed, the ratio of the integrated intensities, corrected by
the intensity of the control, corresponds to the fraction of the absorbed GQDs.
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Figure S 7: Control experiment of the cell viability in the culture medium, as specified in
the experimental Section (paragraph on cell preparation), in the absence of GQDs.
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Abstract
Among various nanoparticles tested for pharmacological applications over the recent years,
graphene quantum dots (GQDs) seem to be promising candidates for the construction of drug
delivery systems due to their superior biophysical and biochemical properties. The subcellular
fate of incorporated nanomaterial is decisive for transporting pharmaceuticals into target cells.
Therefore a detailed characterization of the uptake of GQDs into different breast cancer models
was performed. The demonstrated accumulation inside the endolysosomal system might be the
reason for the particles’ low toxicity, but has to be overcome for cytosolic or nuclear drug
delivery. Furthermore, the penetration of GQDs into precision-cut mammary tumor slices was
studied. These constitute a far closer to reality model system than monoclonal cell lines. The
constant uptake into the depth of the tissue slices underlines the systems’ potential for drug
delivery into solid tumors.

Supplementary material for this article is available online
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drugs and improve their selectivity and potency [1]. Possible
applications range from tuberculosis [2] and inflammation [3]
to cancer [4], where nanoparticle based drug delivery systems
have the potential to overcome platinum treatment resistance
[5]. Recently, a liposomal nanoparticle formulation of cytar-
abine and daunorubicin showed impressive clinical benefit in
AML patients with subsequent FDA approval [6].

Among the nanomaterial platforms already established in
research are liposomes, carbon nanotubes, gold nanoparticles,
dendrimers, polymeric nanoparticles and superparamagnetic
iron oxides [7]. Graphene quantum dots (GQDs) present a
promising next generation nanomaterial due to their extre-
mely large surface to mass ratio. They consist of one or few
layers of graphene and emit strong fluorescence due to
quantum confinement and edge effects [8, 9]. As GQDs enter
the cytoplasm of various cell types in vitro without significant
toxicity [10—12], they are used in biomedical research not
only for drug delivery applications, but also for long term and
deep tissue imaging, cancer diagnostics and intracellular
sensing [13-16]. Regarding drug delivery, it has been shown
that GQDs improve the anti-cancer activity of cisplatin [17]
and doxorubicin [18, 19], while it is possible to monitor the
release of doxorubicin due to their fluorescence properties
[20]. For the use of GQDs as a carrier of anti-cancer drugs a
detailed knowledge about their subcellular localization, their
differential uptake into different tumor models and their
penetration into the depth of solid tumor tissues is vital.

Breast cancer represents the most common cancer among
women worldwide [21] and incident rates are still predicted to
increase [22]—a reason for the unaltered urgent demand for
new therapeutic concepts. Breast cancer cell lines are com-
monly applied as easy-to-use laboratory model systems, but
may display geno- and phenotypic changes from the original
tissue due to longstanding in vitro cultivation [23]. Moreover
monoclonal cell lines can hardly depict the heterogeneity
presented by the human breast cancer disease [24].

In contrast, ex vivo cultivated precision-cut tissue slices
(PCTS) of defined thickness contain all cell types of an organ
and therefore allow to examine multicellular biochemical
processes like metabolism, bio-transformation and transport
of drugs in a nearly natural environment [25]. Possible
applications regarding tumor tissue reach from exploring
signal transduction pathways [26, 27] and response to phar-
macotherapy [27-29] to the recently established examination
of gene therapy [30] and oncolytic viruses [30, 31]. More-
over, the decisive role of communication between tumor cells
and their unaltered microenvironment for the settling and
proliferation of metastasized tumor cells renders PCTS a
potential in the basic examination of metastasis [32].

To evaluate the potential of GQDs as nanocarriers tar-
geting human breast cancer cells, we characterized their
uptake into benign MCF-10A breast epithelial, malignant
luminal MCF-7 and triple-negative MDA-MB-231 breast
cancer cell lines in detail. As especially for the development
of nanocarriers a high degree of consistency between an
experimental model system and the target tumor tissue is vital
[33], we extended our analysis to the ex vivo model of
MMTV-PyMT precision-cut mammary tumor slices

(PCMTS). Compared to the human disease, the model pre-
sents various similarities on histological and tumor biological
levels, especially regarding prognostic biomarkers [34-36].
For a detailed analysis the complete penetration of GQDs into
the depth of the ex vivo cultivated PCMTS was demonstrated
constituting a highly important prerequisite for an application
as drug delivery system.

2. Methods

A detailed description of all experimental procedures can be
found in the supplementary material available online at
stacks.iop.org/NANO/30/395101 /mmedia.

2.1. Synthesis of GQDs

GQDs were synthesized from citric acid and diethylene-
triamine in accordance to the method published by Qu et al
[37].

2.2. Fluorescence analysis

FACS analysis on single cells was performed using a Beck-
mann Coulter CytoFLEX flow cytometer. Photoluminescence
(PL) properties of cell suspensions and GQD solutions were
recorded using a Horiba FluoroMax-4 spectrofluorometer at
an excitation wavelength of 360 nm.

2.3. Cultivation and incubation of GQDs on cell lines and
primary cells

MCE-7, MDA-MB-231, MCF-10A monoclonal and MMTV-
PyMT primary cells were cultured in selected nutrition media.
Sterile GQDs were added to the cell suspensions for the
indicated incubation periods. Counter-staining of various cell
organelles was performed using Thermo Fisher Scientific
CellLight fluorescent proteins.

2.4. Cultivation and incubation of GQDs on PCTS

PCTS were cut and cultured following the protocol by de
Graaf et al [25] for handling precision cut liver slices (PCLS).
For cutting a Leica VT1200 S vibrating blade microtome was
used. Sterile GQDs were added to the nutrition media for the
incubation period. Fine slices were cut using a Leica Frigo-
mobil sliding microtome.

2.5. Confocal fluorescence microscopy

Confocal imaging on living single cells and fixated tissue
slices was performed using a Zeiss LSM 710 confocal laser
scanning microscope evaluating the DAPI or Hoechst 33342
channel (405 nm excitation, 410-495 nm emission), the GQD
channel (488 nm excitation, 495-530 nm emission) and the
RFP channel (543 nm excitation, 550-700 nm emission).
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Figure 1. Photoluminescence (PL) spectra of the GQDs at different
excitation wavelengths and the corresponding absorbance spectrum
(inset).

2.6. Ethical statement

All animal procedures regarding C57BL/6 mice were
approved by the North Rhine-Westphalia State Agency for
Nature, Environment and Consumer Protection (case number:
84-02.04.2013.A358) and conform to international guidelines
for the care and use of animals. All animal procedures
regarding transgene MMTV-PyMT mice were approved by
the Ethics Committee for Animal Research (Regierung-
spraesidium Tiibingen) and conform to international guide-
lines for the care and use of animals.

3. Results

3.1. Properties of the applied GQDs

Briefly, the GQDs present with a graphene-like, hexagonal
crystal structure, have an average diameter of 3.3nm and
consist of 62% Carbon, 19% Oxygen and 19% Nitrogen
atoms. Figure 1 shows the fluorescence properties of rele-
vance for this study. At excitation wavelengths from 360 to
400 nm, the emission has a maximum around 460 nm, while
the PL intensity increases with increasing excitation wave-
lengths. At higher excitation wavelengths, the PL intensity
decreases drastically and the emission maximum shifts to
higher wavelengths, reaching 550 nm at 480 nm excitation.
The absorbance shows a marked peak around 350 nm with a
long tail still not reaching 0 at 500 nm. In this study we
mainly used the GQDs at 405 nm excitation and 460 nm
emission, which fits well to the preconfigured PB450 or DAPI
channel of standard flow cytometers and fluorescence
microscopes. At some points the excitation of the GQDs at
488 nm was needed, which gives a markedly lower, but
clearly detectable signal fitting to the FITC and PE channels
of the used devices.

3.2. GQD uptake into benign and malignant human breast
epithelial cell lines

Starting with the most primitive in vitro breast cancer model,
we studied the uptake of GQDs into MCF-7 cells, repre-
senting the estrogen receptor (ER) positive, progesterone
receptor (PgR) positive, HER2 negative luminal A-subtype,
into MDA-MB-231 cells as an example for triple negative
(ER negative, PgR negative, HER2 negative) breast cancer
and into MCF-10A cells as a model for non-tumorigenic
mammary epithelial cells. To establish a GQD concentration
and a time frame, that is tolerable for the cells, we conducted
the MTT viability assay at concentrations ranging from
50 ugml ' to 1 mgml~' over a period of 24 h, 48 h and 72 h
(left part of figures 2(A)—(C)). After 24 h incubation time, no
significant changes (statistically significant defined as
p < 0.05 as compared to the untreated controls) in cell via-
bility was detected for all cell lines and concentrations, while
after 48 h a statistically significant decrease in cell viability to
67% compared to control cells was measured for MCF-7 cells
at a concentration of 1 mgml~'. The viability of MDA-MB-
231 cells and MCF-10A cells decreased to 74% at the same
time point and concentration, but did not reach statistical
significance. In contrast, a clear concentration dependent
decrease in cell viability was observed for all three cell lines
following 72 h of incubation with a statistically significant
decrease at concentrations of 750 ugml ' and 1 mgml~"' to
minimum values of 64% for MCF-7 cells, 56% for MDA-
MB-231 cells and 66% for MCF-10A cells. Summarized, all
three cell lines show a similar MTT pattern and the GQDs
seem to be well tolerated up to concentrations of 500 ;g ml ™'
over a time period of 48 h.

Therefore, we decided to use a GQD concentration of
500 ug ml~" and a maximum time of 48 h for the following
uptake studies. The uptake of the GQDs into the cells after 48
h incubation time at a concentration of 500 ugml ' was
visualized by confocal fluorescence microscopy on living
cells stained with Hoechst 33342. The right parts of
figures 2(A)—(C) show the merged fluorescence images of the
cells, representing the nuclei in blue (405 nm excitation,
410-495 nm emission, referred to as Hoechst 33342 channel)
and the GQDs in olive (488 nm excitation, 495-630 nm
emission, referred to as GQD channel). GQDs appear as
bright spots as they also emit in the Hoechst 33342 channel.
The observed distinct and localized bright areas near the
nucleus indicate, that the GQDs accumulate in the same
regions for all three cell lines.

To assess the uptake into the cell lines quantitatively, we
measured the change of the cells’ mean fluorescence intensity
by flow cytometry (figure 2(D)) using the PB450 channel.
The MDA-MB-231 and MCF-10A cells showed a similar
behavior over time with a signal change of 7500 following 24
h incubation time and a change of 10 000 after 48 h of
incubation, which indicates a saturation over time. In contrast,
the MCF-7 cells showed a three times higher signal change,
namely 22 000 after 24 h and of 30 000 after 48 h incubation
time, implying a similar saturation pattern just at a higher
level. Additionally, we analyzed the forward scatter (FSC)
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Figure 2. MTT assay at GQD concentrations of up to 1 mg ml~" and
confocal microscopy pictures of (A) MCF-7 cells, (B) MDA-MB-
231 cells and (C) MCF-10A cells incubated with GQDs. The nuclei
are stained with Hoechst 33342 (blue). GQDs appear as bright spots.
(D) Differential uptake of the GQDs into the cells at a concentration
of 500 ug ml~" over a time period of 48 h as measured by flow
cytometry.

data as a measure for the cells’ size. The MCF-7 cells
appeared to be larger than MDA-MB-231 and MCF-10A cells
with a mean FSC value of 5.1 x 10° for MCF-7 cells,
3.9 x 10° for MDA-MB-231 cells and 4.3 x 10° for MCF-
10A cells.

In order to explore the regions of accumulation, we
counter-stained various cell organelles in typically perinuclear
localization using organelle specific RFP-tagged proteins (see
figure 3). To depict the cell borders we first analyzed the
GQDs’ fluorescence channels in combination with trans-
mitted light. In all experiments (except for the mitochondrial
counter-staining) the nuclei were co-stained, as well. Again,
the GQD accumulations were uniquely identified by a fluor-
escence signal in both the Hoechst 33342 channel and the
GQD channel. A further merging with the cell organelles’
fluorescence signal recorded in the RFP channel allowed the
identification of the GQD containing subcellular structures:
endoplasmic reticulum (figure 3(B)) and mitochondria
(figure 3(F)) were depicted close to the GQD accumulations,
but no superimpositions of all signals could be determined.
Instead the GQDs accumulated in late endosomes
(figure 3(D)) and, to a larger extent, in lysosomes
(figure 3(E)). Slight shifts between the different signals that
keep the morphology of the stained structures can be
explained by motions of the living cells. Moreover, these
structures were localized next to the Golgi apparatus, which
itself did not display a direct merging of fluorescence signals
with the GQDs (figure 3(C)). The localization inside late
endo- and lysosomes next to Golgi apparatus and nucleus
indicates that the nanoparticles are taken up via endocy-
tosis [38, 39].

3.3. GQD uptake into PCTS

Next, we extended our examination towards PCTS presenting
the probably closest-to-reality in vitro cultivation system. We
started analyzing the ex vivo uptake of GQDs into mouse liver
tissue of C57BL/6 mice, as PCLS constitute a well estab-
lished model system with pre-defined methods of cultivation
available. The homogeneous tissue facilitates precise cutting
under defined conditions leading to comparable slices of high
similarity [40]. These are optimally suited to establish incu-
bation and analyzing methods before extending the experi-
ment to more difficult-to-handle tumor tissue.

In order to characterize the uptake of GQDs into PCLS
we performed various incubation experiments modifying slice
thickness, incubation time and analyzing methods. All incu-
bation steps were carried out using the GQD concentration of
500 pgml™" and incubation period of 48h as previously
established.

We first evaluated the GQD uptake analyzing 20 ph fine
slices cut from 300 ph PCLS via confocal microscopy. As all
recorded images were massively overlayed with the cells’
auto-fluorescence signal in both detection channels (probably
enhanced by PFA fixation [41]), a detailed subcellular loca-
lization was not possible. Exemplary images are presented in
figure S1.
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Figure 3. Confocal microscopy images of MCF-7 cells incubated with GQDs after counter-staining of perinuclear cell organelles. (A)
Superimposition of the transmitted light, nuclei are represented in blue, GQD emissions in blue and olive. (B)—(F) Cell organelles are
represented in red, nuclei in blue, GQDs in blue and olive. Merging of the blue and olive color results in a white signal, merging of the red
and olive color in an orange signal and merging of all three colors in a dark yellow signal. For the mitochondrial counter-staining (F) the
nucleus was not stained due to overlapping fluorescence channels of the applied dyes. All images were taken using a 63 x oil objective. Scale
bars: 10 ph.
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Therefore, we evaluated the fluorescence properties of
dissolved complete or fine-cut PCLS using an excitation
wavelength of 360 nm (corresponding to the GQDs’ max-
imum of absorption). Generally, the incubation with GQDs
led to an increase in the fluorescence intensity and a shift of
the wavelength of maximum fluorescence towards the eval-
uated emission channel of the applied GQDs. The evaluation
reached statistical significance and the results were further
verified by a flow cytometric evaluation. They indicate that
the GQD fluorescence dominated the cells’ fluorescence
spectra outstripping the native and fixative-induced auto-
fluorescence as a consequence of the incubation experiments.
This demonstrates a cellular uptake of the applied GQDs by
the PCLS. Typical examples for GQD incubated and control
group slices can be found in figure S2.

We further evaluated the uptake of the GQDs into the
depth of PCTLS. Analyzing the fluorescence of fine-cut
PCLS both by fluorescence spectroscopy and by flow cyto-
metry, we did not detect a decreasing uptake over the pene-
tration depth (examples are presented in figures S2(C) and
(D)). This indicates a homogeneous uptake into all layers of
the PCLS.

After establishing culture and incubation techniques
using liver tissue we extended our study to PCMTS from the
mouse MMTV-PyMT model, which is widely used in
experimental breast cancer research due to the spontaneous
induction of multiple tumors early in life.

Already in the macroscopic examination the MMTV-
PyMT tumors presented as inhomogeneous and irregularly
formed, especially in comparison to the homogeneous liver
tissue. Again, all uptake experiments of GQDs on PCMTS
were performed for 48 h using the GQD optimized con-
centration for incubation experiments of 500 ugml~' estab-
lished before.

After cultivation, a histological evaluation of the PCMTS
showed that about 90% of the cells were vital while 10%
presented necrosis without significant differences when the
slices were cultivated with or without GQDs (figure 4(A)).
Furthermore, an M30 apoptosis staining was performed.
Neither in the control nor in the GQD incubated PCMTS we
determined a relevant amount of apoptosis (see figure S4).
This indicates that the tissue slices tolerate both cultivation
and incubation with GQDs without major cellular damage.
For the incubation with GQDs, this observation resembles the
outcome of the MTT viability assay formerly performed on
monoclonal cell lines and primary tumor cells.

To verify the GQD uptake into MMTV-PyMT PCMTS
we performed a statistical evaluation of the integrated fluor-
escence intensity signal from dissolved 30 ph fine slices cut
from 300 ph PCMTS. For each group (Ngops = 44,
Neonror = 43) the slices were cut from four different tumors
explanted from three mice. Following the GQD incubation we
observed an increase in the integrated fluorescence intensity
from 1.9 x 10° to 3.9 x 10’ (see figure 4(B)) at an excitation
wavelength of 360nm reflecting the GQDs’ maximum
emission; the evaluation reached statistical significance indi-
cated by a p-value of p = 1.15 x 1073, We continued ana-
lyzing the wavelength of maximum fluorescence intensity by
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Figure 4. (A) HE-stained microscopic pictures of the MMTV-PyMT
tissue after cultivation of the PCMTS. The images were taken using
a 2.5x objective. (B) Normalized integrated fluorescence intensity
for GQD incubated (blue) and control group (red) dissolved fine
slices. The orange and the green bar show the mean fluorescence
intensity & one standard deviation. The mean fluorescence intensity
increased from 1.9 x 10° to 3.9 x 10° when the slices were
incubated with GQDs. (C) Wavelength of maximum fluorescence
intensity for GQD incubated (blue) and control group dissolved fine
slices (red). The orange and the green bar show the mean wavelength
of maximum fluorescence + one standard deviation. The mean
wavelength of maximum fluorescence increased from

Anax = 444.3 nm to A, = 450.5 nm when the slices were
incubated with GQDs. (D) GQD uptake into the depth of PCMTS
displayed by mean fluorescence intensities of cells as measured by
flow cytometry.

a statistical evaluation. Here, the incubation with GQDs led to
a shift in wavelength from M\, =4443nm to
Amar = 450.5nm. A p-value of p = 6.0 x 1077 demon-
strated statistical significance (see figure 4(C)). The elevated
fluorescence intensity and the wavelength shift towards the
maximal emission wavelength of the applied GQDs clearly
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demonstrated a cellular uptake of the GQDs into the depth of
the PCMTS. This was further validated by an increase in the
mean fluorescence intensity of in toto dissolved PCMTS
recorded via flow cytometry from (/) = 0.5 x 10° to
(I = 4.1 x 10° following the incubation with GQDs (not
shown).

To analyze a possible dependency of the GQD uptake on
the penetration depth inside the slices we first regarded the
integrated fluorescence intensity data as a function of the fine
slices’ position inside the PCMTS. In all four individually
performed experiments we did not detect a significant
dependency of the fluorescence intensity on the penetration
depth (see figure S3 for an example comparing a GQD
incubated PCMTS with a native control slice). We validated
this finding by changing the analyzing method to flow cyto-
metry. Using the flow cytometer’s PB450 channel we did not
detect any correlation between the mean fluorescence inten-
sity of the single suspended cells and the position inside the
PCMTS (an example is presented in figure 4(D)).

To conclude, as for the liver tissue, we could demonstrate
a cellular GQD uptake into MMTV-PyMT PCMTS. As again
for this tissue type no decrease of the uptake over the pene-
tration depth was detectable applying two different methods
of analysis, we assume a homogeneous uptake even into
deeper tumor cell layers similar to the liver tissue.

3.4. GQD uptake into MMTV-PyMT primary cells

To verify the method of uptake for the particular cell types
present into the MMTV-PyMT tissue, we finally analyzed
MMTV-PyMT primary cells. Primary cell cultures estab-
lished from a small tumor piece after collagenase D digestion
constitute a more realistic model than monoclonal cell lines,
as their percentage distribution of cell types may be compared
to solid tissue.

Again, we started the analysis performing the MTT
viability assay. As for the monoclonal cell lines, we did not
see a significant decrease in cellular viability. For GQD
concentrations and incubation periods up to the formerly
applied parameters of 500 g ml~' and 48 h the vitality stayed
>90% (see figure 5(A)).

For the analysis of the subcellular GQD uptake we used
confocal microscopy, applying the same conditions as for the
MCE-7 cells (48 h incubation time at a concentration of
500 pgml~"). The counter-staining of cell organelles was
limited to an examination of late endosomes (figure 5(C)) and
lysosomes (figure 5(D)) representing the organelles in which
the GQDs localized in MCF-7 cells. In general, we could
demonstrate the same subcellular accumulation of the nano-
particles as in the former experiments. Variations in the
subcellular distribution of endosomes and lysosomes between
MCF-7 and MMTV-PyMT cells may be explained by mor-
phological differences between the two cell types.

To quantitatively investigate the GQD uptake by flow
cytometry, we used concentrations of 200 ugml ' and
500 1g ml~" and an incubation period for up to 48 h. For both
concentrations the changes in mean fluorescence intensity
(using the flow cytometer’s PB450 channel) were examined

= 0 pg/ml =250 pg/ml
=50 pg/ml =500 pg/ml

Cell viability in %
8 &8 8

N
o

N
o

o

24 h 48 h

(@]
o

Late Endosomes
Lysosomes

E
T T T T T T T T T
;: 200 pg/ml
U L Hg/m 4
< 30000
4] —e— 500 pg/ml
2 -
(] -
< r - N
[) e
E e
S 20000 P i
(2] -
ko) e
c A
& B 7 } 7
S ,// - _—
e _—
B 10000F / =
< e _—
ﬁ /,/ ﬁ —
c r ,/'// 1
3 o
= -
0 c 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50

Incubation time (h)

Figure 5. (A) Cell viability of MMTV-PyMT primary cells after 24 h
and 48 h of incubation with different concentrations of GQDs. (B)
Confocal microscopy images of GQD incubated MMTV-PyMT
cells. (C) Counter staining of endosomes and (D) counter staining of
lysosomes. (E) Temporal evolution of the fluorescence intensity
measured in MMTV-PyMT primary cells after incubation with
GQDs. All images were taken using a 63x oil objective.

as a function of time setting the zero point to the cells’ auto-
fluorescence signal and the starting point of the incubation
period to t = O h (figure 5(E)).

After 24 h of incubation we observed a signal change
(with the error bars indicating the standard deviation) to
16 000 for the higher and to 7000 for the lower concentration.
After 48 h the signal changed to 28 000 and 13 000, respec-
tively. These values are comparable to the results from the
former measurements on monoclonal breast epithelial and
adenocarcinoma cells.
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4. Discussion

In this study the uptake of GQDs into various breast cancer
tumor models was studied in detail. All cell types analyzed in
our experiments (in particular benign epithelial and adeno-
carcinoma cells of different malignancy) depicted a cellular
uptake of GQDs, which did not reach complete saturation
over the incubation period of 48 h. MCF-7 cells showed a
three fold higher uptake as compared to MDA-MB-231 and
MCEF-10A cells. This can only partially be explained by the
cells’ size, as the forward scatter data only translates into a 1.5
fold higher surface area of MCF-7 cells. Therefore luminal
MCEF-7 cells seem to have a higher natural affinity for the
uptake of GQDs than triple negative MDA-MB-231 cells and
benign MCF-10A cells. This might be related to an endocy-
totic uptake, as MCF-7 are known to have a high endocytosis
rate as compared to other cell lines [42].

The method of uptake is decisive for a nanoparticle’s
intracellular fate [43], which in consequence may influence
the applicability for drug delivery. Moreover, the uptake
mechanism is strongly dependent on the physical properties
of the applied particle [44].

The model of in vitro cultivated cell lines allowed for a
subcellular localization of the nanoparticles in living cells via
confocal fluorescence microscopy. Inside the cells the parti-
cles were localized in late endosomes and lysosomes, which
is consistent with a mechanism of uptake via endocytosis.
Similar observations were made analyzing primary breast
cancer cells. These may be regarded a superior model system
compared to tumor cell lines, as long-term cultivated
immortalized monoclonal cells are prone to genotypic and
phenotypic drifting [45].

An endocytotic uptake has been described for different
types of nanoparticles [43] and is connected with a mem-
branous encapsulation inside the endolysosomal system [38].
This might be the reason for the low cytotoxicity of the
applied GQDs. For constructing a drug delivery system,
however, an endosomal escape has to be achieved to render
cytosolic and nuclear access to the particles. Otherwise, an
application stays limited to the specific field of pharmaceu-
ticals targeting structures inside the endolysosomal system
such as pH-dependent pro-drugs, lysosomal enzymes and
inhibitors of (-secretase [46].

To evaluate a more close to reality model system, we
transferred our analysis to the examination of PCTSs. We
started analyzing the ex vivo uptake of GQDs into mouse liver
tissue of C57BL/6 mice as a well established model system.
Regarding gene expression PCLS show the highest degree of
similarity in comparison to liver cell lines and hepatocyte
cultures [47].

We found a homogeneous uptake into all layers of the
PCLS, which is of relevance as the liver plays an important
role for the bio-transformation, metabolization and toxicity of
nanoparticles. For example, carbon nanotubes showed a long-
term accumulation in this organ, which underlines its
importance for toxicology studies [48]. More recently, car-
bonate apatite nanoparticles were used to deliver the pro-drug

cyclophosphamide into murine livers, where it was activated
for a later treatment of breast cancer [49].

Especially for the evaluation of pharmaceutical effects on
tumors the ex vivo system can represent a vital tool, as the
sensitivity of breast cancer cells to cytostatics depends on
dynamic interactions between tumor cells and their micro-
environment [50]. Moreover, PCTSs can depict the intra- and
inter-tumoral variability of solid tumors to a larger
extent [51].

The ex vivo breast cancer model represents the most
sophisticated tumor model we used and may depict the in vivo
situation in breast cancer to a large extent. For tumor biology
studies, cultivation of PCTS offers the chance to allow deeper
insights into the underlying pathogenic processes than highly
reductionist cell lines, as alterations in biology and pharma-
cology regarding signal dynamics within a tumor’s micro-
environment can be studied [52]. Thus, they might be
regarded as one of the most realistic model systems to per-
form basic uptake analysis for building up a nanoparticle
based drug delivery system, before extending the examina-
tions towards animal experiments necessitating unlikely lar-
ger cost and regularly effort. In our experiments the GQDs
had no obvious negative effects on the viability of the tissue
as assessed by M30 CytoDEATH assay and a histological
evaluation. Unfortunately, we were not able to perform a
subcellular localization of the applied GQDs inside the tissue
slices, as confocal microscopy on fixated cells was hampered
by a massive auto-fluorescence and live experiments are not
possible due to the necessity of cutting the tissue to thinner
slices. We therefore changed our method of analysis to
evaluating the fluorescence of dissolved PCMTS. We were
not only able to verify the cellular uptake, but did also detect a
homogeneous uptake into the depth of the tissue. This result
is consistent with the distribution of the fluorescent dyes
rhodamine B and lucigenin in rat precision-cut liver slices
[53] and fluorescence marked taxol in human mammary
breast cancer slices [50].

In conclusion, the complete penetration of the GQDs into
the solid tumor slices without obvious negative effects on the
viability of the tissue is promising for a usage as core of a
drug delivery system, since for that purpose a distribution of
anti-cancer drugs throughout complete tumors has to be
ensured. First studies of such a system should concentrate on
the luminal type, as MCF-7 cells appear to have a distinct
higher uptake of GQDs. Nevertheless, the GQDs appear to be
encapsulated in endosomes and lysosomes. Therefore endo-
somal escape has to be achieved to target the cytoplasm or the
nucleus.
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1. EXPERIMENTAL SECTION

1.1. Materials

Citric acid (ACS reagent, 99.5%), diethylenetriamine (ReagentPlus, 99%) and Dispase 11
(neutral protease, grade II) were purchased from Sigma Aldrich (St. Louis, USA). Fetal Bovine
Serum (FBS), Dulbecco’s Modified Eagle Medium high glucose, GlutaMAX, pyruvate (DMEM),
Richter’s Minimum Essential Medium (IMEM), penicillin/streptomycin solution, 10x Hank’s
Balanced Salt solution with Ca, with Ma, without phenol red (HBSS), HEPES (1M) and Dul-
becco’s Phosphate Buffered Saline (PBS) were obtained from Thermo Fisher Scientific (Waltham,
USA). Collagenase D was purchased from Roche (Mannheim, Germany). Float-A-Lyzer dialysis
devices (100-500 Da) and sterile filters (200 nm) were obtained from VWR (Radnor, USA). Cell
culture flasks, well plates and cell strainer were purchased from Greiner Bio-One (Kremsmuen-
ster, Austria). Unless otherwise stated, all further solid and fluid chemicals were purchased from
Sigma Aldrich.

All incubation steps were performed in a Heracell 150i incubator (Thermo Fisher Scien-
tific). Centrifugation steps were carried out using a Heraeus Biofuge Primo R centrifuge (Thermo
Fisher Scientific), micro-centifugation steps using a 5430 R micro-centrifuge (Eppendorf, Ham-
burg, Germany).
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1.2. Synthesis of Graphene Quantum Dots (GQD:s)

Fluorescent GQDs were synthesized slightly modifying the method published by Qu et al.:
[1] 1 mmol citric acid (0.21 g) and 3 mmol diethylenetriamine (0.34 g) were mingled using a
magnetic stirrer and heated up to 180 °C for 2 min via microwave application in an Explorer
microwave oven (CEM, Matthews, USA). The viscous GQD solution was solved in 3 ml ddH,O
and educt waste were removed by dialyzing 10 ml of GQD solution against 21 of ddH,O for 48 h
with one water exchange after 24 h using a 100-500 Da dialysis membrane. Finally, the GQDs
were dried and weighed using an A 200S electronic analytical balance (Sartorius, Goettingen,
Germany).

1.3. Optical characterization of GQDs
1.4. Incubation of GQDs on monoclonal cell lines

MCEF-7 cells and MDA-MB-231 cells were cultured in RPMI supplemented with 10 % FBS, 1
% penicillin/streptomycin solution and 25 mM HEPES. MCF-10A cells were cultured in MEBM
basal medium supplemented with 0.4 % BPE, 0.1 % hEGF, 0.1 % Insulin, 0.1 % hydrocortison,
0.1 % GA-1000 and 100ngml~! cholera toxin. For MTT assays, 5 000 cells per well were
seeded in 96 well plates in 200 ul culture medium. 24 h later, the culture medium was replaced
by culture medium containing the appropriate concentration of sterile filtered GQDs. After the
particular culture period, the cells were washed with PBS and incubated with 100 ul MTT so-
lution for 3 h. Finally, the MTT solution was removed and 100 ul DMSO were added for 1 h,
before the absorbance at 540 nm was measured using an Anthos htll reader. For flow cytometry
measurements, 50 000 cells per well were seeded in 12 well plates in 1.2 ml culture medium. 24
h later, the culture medium was replaced by culture medium containing the appropriate concen-
tration of sterile filtered GQDs. After the particular culture period, cells were washed with PBS,
detached with 0.5 ml trypsin and resuspended in 100 ul medium. Finally, cells were fixed with
100 100 ul PFA and analysed by flow cytometry. Three indenpendent experiments were carried
out for all times and concentrations.

1.5. Flow cytometry analysis of suspended cells

FACS analysis was performed using a CytoFLEX flow cytometer (Beckmann Coulter, Brea,
USA). For analyzing cell lines and primary cells debris, necrotic cells, clumps and doublets were
removed by gating the cells in a forward vs. sideward scatter plot (FSC vs. SSC) and a sideward
scatter width vs. sideward scatter height plot (SSC-W vs. SSC-H). For further evaluation the
PB450 channel (excitation: 405 nm, detection: 450 nm) representing the applied GQDs’ stronger
fluorescence channel was used; for completion, the PE channel (excitation: 480 nm, detection:
550 nm) exciting a weaker fluorescence signal in the GQDs was utilized, as well. The analysis
was carried out using the Beckmann Coulter CytExpert software directly calculating mean fluo-
rescence intensity and standard deviation. All further evaluation was performed in OriginPro 9.
For every condition at least 1000 events were measured.

1.6. Confocal fluorescence microscopy on living cells

For confocal fluorescence microscopy, 8 X 10* cells in 700 ul culture medium per well (no-
tably RPMI without phenol red was used for the imaging experiments) were seeded into an ibidi
4 Well u-Slide. The cells were cultured in 2 wells without and in 2 wells with GQDs at a concen-
tration of 500 ug ml~! over a period of 48 hours. For labeling of specific cell structures 20 ul of
the corresponding CellLight RFP reagent were added for the last 24 hours. Afterwards, the cells
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were washed with PBS before incubation with NucBlue™ LiveReady Probes™ Reagent for nu-
cleus staining with Hoechst 33342 performed on 1 well with GQDs and 1 well without GQDs.
After 10 minutes of incubation at a concentration of 2 drops NucBlue per ml solved in PBS (the
remaining two wells not designated for nucleus staining were just incubated with PBS during
the same time period), the cells were washed three times with PBS again, 700 ul medium were
added and confocal fluorescence microscopy was performed using a Zeiss LSM 710 confocal
laser scanning system. Three fluorescence channels were measured, the Hoechst 33342 channel
(405 nm excitation, 410 nm - 495 nm emission), the GQD channel (488 nm excitation, 495 nm -
530 nm emission) and the RFP channel (543 nm excitation, 550 nm - 700 nm emission)

1.7. Incubation of GODs on MMTV-PyMT Primary Cells

Primary MMTV-PyMT'¥* tumor cell monolayers were cultivated in cell culture flasks in
IMEM containing 5% FBS and 1% penicillin/streptomycin at 37 °C and 5% CO; in a humidi-
fied atmosphere as described in [2]. For incubation with GQDs 4 X 10* cells were distributed in
1.2 ul culture medium each in 12 well plates at day -1. At day O the incubation period started
with renewing the culture media in all wells using incubation media with GQD concentrations
of 200 ug ml~! and 500 ug m1~! (each sterile filtered) for two wells. After 24 h, 45 h and 48 h (di-
rectly before the end of the incubation period) the media were changed using the GQD suspen-
sions in two more wells. The resulting incubation times were 48 h, 24 h, 3h and 0 h. Following
the incubation, the cells were washed once using PBS and resuspended after trypsin treatment in
100 wl PBS/1% FBS for flow cytometry.

1.8. Tissue Collection

Mice livers were removed from C57BL/6 mice, that were purchased from Janvier Labs (Le
Genest-Saint-Isle, France) and held in standard cages with free access to food and water under a
12 h light-dark cycle. All animal procedures were approved by the North Rhine-Westphalia State
Agency for Nature, Environment and Consumer Protection (case number: 84-02.04.2013.A358)
and conform to international guidelines for the care and use of animals. On the day of experi-
mentation a mouse was narcotized by adding 5% Isoflurane to their breathing air and sacrificed
by decapitation; the liver lopes were explanted immediately or after perfusing the arterial sys-
tem with 0.9% NaCl solution, respectively. The organs were washed and stored in ice-cold liver
cutting solution (see below) until PCLS preparation.

MMTV-PyMT tumors were explanted from transgene MMTV-PyMT'¥* mice on a genetic
FVB/N background [3] purchased from Jackson Laboratory (Ben Harbor, USA) and housed in
a 12 h light-dark circle with access to water and food ad libitum. All animal experiments were
approved by the local Ethics Committee for Animal Research (Regierungspraesidium Tiibingen).
On the day of experimentation the mice were euthanized for removal of the solid MMTV-PyMT
tumors (see [2] for further experimental documentation). The tumor tissue was transported for
5.5h on ice in Custodiol organ preservation solution (Dr. Franz Koehler Chemie, Bensheim,
Germany) prior to preparing the PCMTS.

1.9. Incubation of GQDs on Prescision-Cut Tissue Slices
PCTS were cut and cultivated in accordance to the protocol by de Graaf et al. [4] for han-
dling PCLS adding slightly modifications, especially regarding the PCMTS: Cutting of liver
tissue was performed in a liver cutting solution (10x HBSS containing 1% HEPES, 1% peni-
cillin/steptomycin, 0.0375% NaHCO3), whereas for MMTV-PyMT tissue Custodiol organ preser-
vation solution was used. The tissue was cut into PCTS of a defined thickness of 200 um or
3



300 um using a VT'1200 S vibrating blade microtome (Leica, Wetzlar, Germany) and optimized
cutting parameters (amplitude: 1.55mm, velocity: 1 mms~'), which were immediately trans-
ferred into ice-cold cutting solution after one organ was completely processed.

PCTS pairs of similar sizes (to perform a negative control in each single experiment) were
chosen and transferred into ice-cold pre-oxygenated nutrition medium (DMEM containing 5%
FBS, 1% penicillin/streptomycin and 1% 1M HEPES for PCLS and IMEM containing 5% FBS
and 1% penicillin/streptomycin for PCMTS, respectively). For restoring the ATP-content a pre-
incubation step was performed first: The PCTS were relocated into 6 well plates containing 3 ml
pre-warmed pre-oxygenated nutrition medium per well (one PCTS per well) and incubated at
37°C and 5% CO,. After 1h to 3 h the tissue slices were displaced into new well plates contain-
ing fresh pre-warmed pre-oxygenated nutrition medium using media with a GQD concentration
of 500 ug ml~" (sterile filtered) for half of the slices and incubated again for 24 h. Eventually, the
last step was repeated once for a total incubation period of 48 h.

Following the incubation, the PCTS were washed for 5 min in PBS for removal of the GQD
suspension and fixated in PBS/4% PFA for 1 h at 4 °C. After 4 additional washing steps (in PBS)
the slices were stored in PBS/30% Sucrose for up to 14 d at 4 °C until sinking to the well bottoms.
Soaking in Sucrose solution is necessary for cryoprotection. At that point storage at —80 °C in
O.C.T. Compound Mounting Medium for Cryotomy (VWR) was possible.

1.10. Preparation of fine slices and homogenization

For investigating the GQD uptake inside the depth of the PCTS 20 um, 30 um or 40 pm fine
slices were cut using a Frigomobil sliding microtome (Leica). To determine the GQD uptake
complete or fine cut PCTS were dissolved in a 1.4 U ml"' Dispase IT and 0.4 mg ml"' Collagenase
D solution (in PBS) for 90 min up to 150 min with gentle agitation at 37 °C. In order to record
florescence spectra the cells were centrifuged and resuspended in PBS, for flow cytometry an
additional filter step trough a 40 um cell strainer was performed in between.

1.11. Histologic examination of PCTS

For confocal imaging 20 um fine slices were cut from cryopreserved PCTS embedded in
O.C.T. Compound Mounting Medium for Cryotomy using a CM3050 S cryostat (Leica) at —50 °C
and dried onto Starfrost adhesive microscope slices (Knittel, Braunschweig, Germany). For
DAPI staining 15ul (2 drops per ml in PBS) of NucBlue Fixed Cell ReadyProbes Reagent
(Thermo Fisher Scientific) were applied in between for 10 min and washed out twice using PBS.
After coverslips were applied using Fluoromount-G mounting medium (SouthernBiotech, Birm-
ingham, USA), the slices were dried in the dark at room temperature for 24 h. Confocal imaging
was performed using a LSM 710 confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany) evaluating the DAPI channel (405 nm excitation, 410 nm - 495 nm emission) and the
GQD channel (488 nm excitation, 495 nm - 630 nm emission).

1.12. GOD uptake characterization into PCTS using fluorescence spectroscopy

Photoluminescence properties of cell suspensions were measured using a FluoroMax-4 spec-
trofluorometer (Horiba, Kyoto, Japan) at an excitation wavelength of 360 nm; the R1c/S1c data
were imported into MATLAB R2017a (MathWorks, Natick, USA). For analysis the signal of the
dissolving solution was subtracted from the analyzed probes signal and the zero point was set to
the signal’s absolute minimum between 500 nm and 600 nm.
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For determining the wavelength of maximal emission, the processed signal was smoothed us-
ing a LOESS regression analysis and the relative maximum between 435 nm and 465 nm was de-
termined. To analyze the overall fluorescence intensity, a numerical integration between 400 nm
and 600 nm was performed (using the data set before smoothing). To further standardize these
values, the cell concentrations in the analyzed suspensions were measured using a Moxi Z Mini
automated Cell Counter (ORFLO, Ketchum, USA). All further (statistical) evaluation was per-
formed in OriginPro 9 (OriginLab, Northampton, USA).

1.13. GOD uptake characterization into PCTS using flow cytometry

FACS analysis was performed using a CytoFLEX flow cytometer (Beckmann Coulter, Brea,
USA); for analyzing PCTS, the total recorded signal in the PB450 channel (excitation: 405 nm,
detection: 450 nm) representing the applied GQDs’ stronger fluorescence channel and, for com-
pletion, the PE channel (excitation: 480 nm, detection: 550 nm) exciting a weaker fluorescence
signal in the GQDs were used. The analysis was carried out using the Beckmann Coulter Cyz-
Expert software directly calculating the mean fluorescence intensity. All further evaluation was
performed in OriginPro 9.



2. Additional data
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Figure S1: Confocal microscopy images of an incubated PCLS showing the GQDs fluorescence in (A) the DAPI channel,
(C) the GQD channel and (D) the merged image of both channels. A control is shown in (B). The hepatocytes’ nuclei are
omitted from the fluorescence signal. This indicates, that the applied GQDs are at least not taken up into the hepatocyte
nuclei, an effect observed before when analyzing breast cancer cell lines and primary cells.



>
®

AN ‘—é . P
0.3F 2 g i e T o
o3 + #1SD R 1450
3 E sl .
L @ . é By -
202 GQDs Control | & > . 1445
> = L 4
5 g2l ’ |
£ EE| et v{50% - 1435
- o,
o 0.1 & R J- s 25% -
—GQDs I 2 1430
— Control . __ ¢
OG 1 = 1 1 1 1
400 500 600 GQDs Control GQDs Control
Wavelength (nm)
c T T T T T D 107 T T T T T
35 -=-GQDs 26 —=- GQDs 1
S ——Control 241 ——Control ]
2 S
£ © 2.2 .
=104 2 ,4] ]
= g 2.0
-
e £ 1.8 .
2 _
© T 1.6- \ ;
53 — A g
£ 8 14 ) — 1
1.2 R
105 T T T T T 1.0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Penetration depth (um) Penetration depth (um)

Figure S2: (A) Fluorescence intensity signals of PCLS cultivated with and without GQDs. The PCLS were dissolved
in toto and measured by fluorescence spectroscopy. The inlay shows the mean fluorescence intensities obtained by flow
cytometry analysis. (B) Statistical analysis of the standardized integrated fluorescence intensity (left) and the wavelength
of maximum fluorescence intensity for GQD incubated and control group dissolved liver fine slices (right). (C) GQD
uptake into consecutive layers of PCLS displayed by integrated fluorescence intensities of cell suspensions as measured
by fluorescence spectroscopy and (D) mean fluorescence intensity of single cells as measured by flow cytometry.
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Figure S4: M30 staining and isotype control of MMTV-PyMT tissue slices incubated with GQDs (A and B) and without
GQDs (C and D).
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Quantum Dots is Reflected by
Marginal Gene Expression Changes
of Primary Human Hematopoietic
Stem Cells

Stefan Fasbender(®?, Lisa Zimmermann?, Ron-Patrick Cadeddu?, Martina Luysberg?,
Bastian Moll*, Christoph Janiak*, Thomas Heinzel* & Rainer Haas?

Graphene quantum dots (GQDs) are a promising next generation nanomaterial with manifold
biomedical applications. For real world applications, comprehensive studies on their influence on

the functionality of primary human cells are mandatory. Here, we report the effects of GQDs on the
transcriptome of CD34" hematopoietic stem cells after an incubation time of 36 hours. Of the 20 800
recorded gene expressions, only one, namely the selenoprotein W, 1, is changed by the GQDs in direct
comparison to CD34" hematopoietic stem cells cultivated without GQDs. Only a meta analysis reveals
that the expression of 1171 genes is weakly affected, taking into account the more prominent changes
just by the cell culture. Eight corresponding, weakly affected signaling pathways are identified, which
include, but are not limited to, the triggering of apoptosis. These results suggest that GQDs with sizes in
the range of a few nanometers hardly influence the CD34" cells on the transcriptome level after 36 h of
incubation, thereby demonstrating their high usability for in vivo studies, such as fluorescence labeling
or delivery protocols, without strong effects on the functional status of the cells.

A wide variety of nanomaterials has been introduced into our daily life to improve the properties of consumer
products like clothes!, food” and cosmetics®. Despite a large body of studies, their potential influence on health
is often poorly understood**. After its discovery in 2004, graphene has gained much attention as a novel two
dimensional nanomaterial®. Due to its superior mechanical, chemical and electronic properties’, many graphene
containing consumer products have emerged in the packaging and sports industry®®.

Graphene quantum dots (GQDs) are a nanometer-sized derivative of one or a few layers of graphene. Because
of their large surface to mass ratio, they are a fluorescent nanomaterial with a broad spectrum of applications in
the field of organic photovoltaic devices, catalysis, sensors and biomedicine'’. In particular, the field of biomed-
icine offers many opportunities as GQDs enter the cytoplasm not only of human cell lines, but also of primary
human blood cells, without significant effects on cell viability''~**. Therefore, GQDs have been used in research
related to long term and deep tissue imaging, cancer diagnostics, intracellular sensing and drug delivery'®-".
As far as the exposure of human cells in vitro or in vivo to GQDs is concerned, their possible side effects on the
functionality of these cells remain a question of ongoing research. For instance, in vivo studies show that high
doses of GQDs disrupt the progression of embryonic development in zebrafish®*. In mice, intravenously injected
larger graphene nanosheets induced Th2 inflammatory responses®. In vitro studies using fibroblast cell lines
show increased expression of p53, Rad51 and OGG1 proteins, indicating DNA damage caused by GQDs of 40 nm
diameter®*. The toxicity of graphene based nanomaterials thus appears to be mainly related to particle size, sur-
face functional groups, oxygen content, surface charges and impurities, while the formation of reactive oxygen
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should be addressed to T.H. (email: Thomas.Heinzel@hhu.de) or R.H. (email: Haas@med.uni-duesseldorf.de)

SCIENTIFIC REPORTS |

(2019) 9:12028 | https://doi.org/10.1038/s41598-019-48567-6



www.nature.com/scientificreports/

(a) (b)

o 2000 7]
12000 | s 7 cls —cc
C1s Name At% | C-N/C-O
10000 Cils 61.9 N c_—’\r‘wc_—o
L b 1500 b b
Nis 215 18.9 ] Background
1s 19.2 i
| i — Cf1s signal
° 8000 °
=t c
5 3 1000 [ 1
S 6000 F N 1 °
4000 [ T
] 500 [ 1
2000 [ T
1 1 1 1 0E f 1 1 1 -

300 400 500 600 282 284 286 288 290 292
Binding energy (eV) Binding energy (eV)
(c) (d)
0.04 T T T T T T
—— GQDs
— Water
0.03

Intensity (a.u.)
o
o
N

0.01

0.00 n 1 n 1 n 1 n 1 n 1 n 1
1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm'1)

Figure 1. (a) Survey XPS spectrum of the GQDs quantifying the amount of C (61.9%), N (18.9%) and O
(19.2%). (b) Cls XPS spectrum of the GQDs revealing C-C, C-O and C-N bonds. (c) Raman spectrum of the
GQDs dispersed in water (black trace) and of water (red trace). (d) HRTEM image (left) of one GQD and the
corresponding Fast Fourier Transform (right).

species (ROS) seems to be the most common underlying mechanism?. However, these toxicity studies reported
hitherto are no more than a glimpse of the overall, possibly quite complex, responses of the cells to the incubation
with GQDs. In particular, nothing is known about the underlying signaling pathways. As has been pointed out
recently, a more comprehensive picture requires a gene expression analysis, carried out on primary human cells
instead of cell lines*.

In the study presented here, we report the cellular gene expression and the attributed signaling pathways after
incubation of primary human CD34" hematopoietic stem cells (HSCs) with a high concentration (500 pg ml—!)
of GQDs for an exposure time of 36 hours. HSCs are particularly susceptible to any kind of cytotoxic effects such
as conventional chemotherapy or radiation. They are composed of the most primitive hematopoietic stem cells
as well as the more committed progenitor subset, which is responsible for the lifelong production of mature
blood cells.

Results and Discussion

Preparation and characterization of the graphene quantum dots. The GQDs were prepared by
pyrolysis of citric acid, following a modified version of the well-established recipe of Qu et al.?” using a well-de-
fined microwave assisted hydrothermal synthesis process. Before their application to the cells, the GQDs under-
went a targeted characterization to determine their chemical composition and size as well as their fluorescence
properties. They consist of 40% C, 19% N and 8% H (mass fraction) as determined by CHN chemical elemen-
tal analysis. The remaining fraction can be assigned to O, as the GQDs consist of no other elements. This was
confirmed by X-ray photoelectron spectroscopy (XPS) (Fig. 1(a)). Further analysis of the Cls resonance (see
Fig. 1(b)) indicates that C-C bonds amount to 29% of the carbon bonds, while the remaining bonds are approxi-
mately equally distributed among C-O and C-N bonds, which is confirmed by the N1s and O1s spectra (Fig. S1).
The XPS analysis thus proves that nitrogen compounds, an essential ingredient for the anticipated fluorescence at
long wavelengths, have been incorporated into the GQDs.

The Raman spectra of the water-dispersed GQDs (Fig. 1(c)) show some functional groups from citric acid and
diethylentriamine (DETA), which is in good agreement with the XPS analysis. Raman signals at 1657, 1411, 1053,
943 and 785 cm ™! match with vibrations of citric acid. Signals at 1463, 1309 and 1091 cm~! match with diethyl-
enetriamine vibrations (see Fig. S2). We can also assign signals at 2946 and 2976 cm™! to vibrations of citric acid
and DETA. Two bands are visible at 1375 and 1596 cm ™! which we assign to the D and G band signals known
for graphene quantum dots?®. Furthermore, there are peaks at 1195, 1264 and 1412 cm™! labeled D1, D2 and D3,
which can be assigned to sp2-sp3 carbon, COOH/C-OH and C=0/C-O edge functional groups, respectively®.
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Figure 2. (a) Fluorescence spectra of the quantum dots as a function of the excitation wavelength. The
corresponding absorbance spectrum including an image of the GQD solution under excitation with blue light is
shown in the inset. (b) Integrated PL intensity vs. absorbance of fluorescein and GQDs to determine the GQD
quantum yield of 23% at 360 nm excitation. (c¢) Comparison of the fluorescence spectrum of freshly prepared
GQDs and GQDs stored for 96 h in the incubator in a humidified atmosphere at 5% CO, and 37 °C dissolved in
cell culture medium at 360 nm excitation.

This indicates that the C-C part of the Cls XPS peak is composed of both sp2 and sp3 hybridized carbon. A
detailed comparison of the Raman spectra of GQDs, DETA, citric acid and water is shown in Fig. S2.

For high resolution transmission electron microscopy (HRTEM) the GQDs were dispersed on an ultrathin
amorphous graphite substrate. On a larger scale (see Fig. S3(a)), the GQDs appear as randomly distributed, dark
spots. The size histogram indicates an average diameter of 3.3 nm with a full width at half maximum of 0.6 nm
(see inset of Fig. S3(a)). Atomic resolution was observed only for a few GQDs, which had an appropriate orien-
tation with respect to the substrate plane. A typical result is shown in the left part of Fig. 1(d), where a hexagonal
structure with a lattice constant of 0.223 nm was found, which is 10% smaller than the lattice constant of graphene
(0.246 nm). More generally, we observed particles with hexagonal symmetry and lattice constants in the range
between 0.21 nm and 0.25nm, in good agreement with the values published earlier?”*". This is also in line with
the observation that the lattice constant of graphene decreases as other types of atoms are attached®'. The fuzzy
edge may indicate the presence of defects and/or functional groups, in qualitative agreement with the XPS analy-
sis. The Fast Fourier transform (FFT) in the right part of Fig. 1(d) confirms a crystalline structure with a six-fold
symmetry, while the X-ray diffraction (XRD) pattern of the GQDs (Fig. S3(b)) shows a broad peak around 22°
that is usually observed for GQDs?**>* and two distinct peaks at 21.9° and 26.2° that can be assigned to elemental
carbon and graphite**. We also performed topographical measurements with an atomic force microscope (AFM)
(see Fig. S4). Particle heights between 1 nm and 2 nm are measured, which is in agreement with results reported
earlier for two and three layers of graphene. Based on these findings, we conclude that our GQDs have a disk-like,
flat shape, consist mostly of carbon, with equal contents of oxygen and nitrogen and have a predominantly hex-
agonal crystal structure.

The relevant fluorescence properties of the GQDs are summarized in Fig. 2. As the excitation wavelength
is increased from 320 nm to 400 nm, the shape and maximum of the emission spectrum (at a wavelength of
460 nm) remains almost unchanged, while the emission intensity increases by a factor of approximately 4. A fur-
ther increase of the excitation wavelength causes an abrupt change of the emission spectrum to larger emission
wavelengths, accompanied by a marked decrease of the fluorescence intensity. For example, at an excitation wave-
length of 480 nm, the maximum of the emission spectrum occurs at 560 nm, thereby showing that the fluores-
cence mechanisms depend on the excitation wavelength. Qu et al.”” have attributed the excitation that leads to the
fluorescence in the blue and belongs to the absorbance peak around 350 nm (inset) to the n-7* transition of C=0,
whereas that one that causes the fluorescence in the yellow was attributed to the n-7* transition of the N state. In
the experiments reported below, we used the emission at larger wavelength, thereby avoiding irradiation of the
cells by UV light and remaining compliant with most medical devices using fluorescence detection. The quantum
yield of the GQDs at the absorbance maximum of 360 nm was determined to be 23% (Fig. 2(b)). Furthermore,
neither the fluorescence spectrum of the GQDs nor its intensity changed significantly over a time period of 96h
when they were dissolved in cell culture medium and stored in the incubator in a humidified atmosphere at 5%
CO, and 37°C (Fig. 2(c)).

Cultivation of CD34™ cells and GQD uptake. Using the magnetic cell separation technology for the
enrichment of CD347 cells from leukapheresis products of healthy donors, we obtained populations with a purity
of at least 90% as measured by flow cytometry (Fig. 3(a)). For the cultivation of the stem and progenitor cells,
we used Stem SPAN™ SFEM II medium combined with Stem SPAN™ CD34+ Expansion Supplement, a specific
medium favoring self-renewal rather than differentiation. As a result, the decrease in the proportion of CD34"
cells following 36 h of cultivation was marginal with a significant reduction only after 90 h, see Fig. 3(b,c). A
broadening of the population regarding size and granularity, see the FSC and SSC data in Fig. 3(c), reflects the
distinct alteration of the cells as well. The time-dependent changes observed within the CD34" cell populations
were identical to those when the cells were cultivated in the presence of GQDs at a concentration of 500 pgml~!
as shown in Fig. S5.
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Figure 3. Fraction of CD34" following selection using anti-CD34 MoAb coated immunomagnetic beads at
time point 0 (a), after 36 h (b) and after 90h of cell culture (c). Viable cells were gated using a forward scatter
(FSC) vs side scatter (SSC) plot. The fraction of CD34™ cells was obtained in a CD34 vs CD45 plot based on all
viable cells.

To visualize the uptake of the GQDs into the cells, we performed confocal fluorescence microscopy on living
CD347 cells, that were stained with Hoechst 33342 for representation of the nuclei. A representative example is
given in Fig. 4(a), where the fluorescence images of the cells and the merged bright field images, representing the
Hoechst 33342 channel (405 nm excitation, 410-495 nm emission) in blue and the GQD channel (488 nm excita-
tion, 495 nm-630nm emission) in red, are depicted. The GQDs appear purple as they also emit in the Hoechst
33342 channel. Distinct areas of purple color were observed only in the population cultured in the presence of
GQDs. The spatial distribution of the fluorescence intensity implies that the GQDs accumulate in regions near the
nucleus. Earlier work suggests that the GQDs are confined to lysosomes®. Also, an accumulation of the GQD flu-
orescence at the Golgi apparatus has been reported recently’®*. As a result of the cellular uptake, a time depend-
ent shift of the fluorescence intensity emerging from the cells, as measured by flow cytometry, was observed, with
an increase of the median from 8.3 (36 h without GQDs) to 31.3 (36 h with GQDs) and a maximum value of 51.4
following 90 h of incubation with GQDs (Fig. 4(b,c)). Notably, the autofluorescence intensity of the cells cultured
without GQDs increased by more than a factor of two during that time, namely from a median value of 8.3 to
17.0. Taking into account the observed changes of the CD34™ cell population and the decrease of the CD34" pro-
portion after 90 h, we opted for a cultivation time of 36 h for the gene expression analysis.

Gene expression analysis. In order to assess the effect of GQDs on the transcriptome, we isolated the
CD347 cells of four healthy donors and took one third of the freshly isolated CD34 cells aside to extract the
RNA using the RNeasy Mini Kit. The remaining cells were cultivated for 36 hours with and without GQDs at a
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Figure 4. (a) Confocal fluorescence microscopy images of living cells cultured for 36 h without GQDs (left)
and with GQDs (right) as observed (top row) and merged with the bright field images (bottom row). The
stained nuclei are represented in blue while GQDs appear in purple. The fluorescence intensity distributions as
determined by flow cytometry after 36 and 90 hours of cultivation are shown in (b,c) respectively. Here, the left
parts show the evolution just in the culture medium and the right parts that one in the presence of the GQDs.

concentration of 500 ug ml~!. Independent of the presence of GQDs, we observed a twofold mean increase in
the concentration of CD34" cells, demonstrating that the cells underwent one cell cycle on average during the
cultivation interval. Afterwards, the RNA of the CD34" cells, cultivated with and without GQDs, was extracted.
Using capillary electrophoresis, the RNA integrity of all 12 samples was determined with an average RIN (RNA
integrity number) of 9.7, whereby a value of 10.0 implies the highest integrity (see Table S1 for the RIN numbers
of all samples). Finally, the RNA was processed for transcriptome-wide gene-level expression profiling on the
Clariom™ S micro array. Using the Transcriptome Analysis Console (TAC) 4.0 software and iPathway guide,
we conducted a meta-analysis and compared the measurement results obtained after the CD347 cell cultivation
under both conditions, with those observed in CD347 cells before the cells were put into the culture medium,
see Fig. 5(a). This kind of comparison strikes us as mandatory, since a comparison restricted to the two culture
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Figure 5. Sketch of the design and the result of the gene expression experiment. The transcriptome of the
CD34" cells was measured before and after exposure of the cells to the two experimental conditions. The
modified gene expressions are sorted according to the ratio of their amplification in the presence vs. the absence
of the GQDs in the culture. The expression of 5012 genes was changed under both culture conditions, while the
expression of 485 genes was only changed in the presence of GQDs and the expression of 686 genes only differed
when the CD34" cells were cultivated without GQDs. (b) Allocation of the changes to 24, 5 and 3 affected
signaling pathways, respectively (inset) and the -log p - values of the 8 pathways with significant response to

the GQDs (main figure). Also shown is the effect on the pathways DNA replication, metabolic and ribosome
biogenesis.

conditions directly after the 36 hour cultivation may obscure subtle effects of the GQDs, namely in case of pre-
dominant changes related to the cultivation per se. The thresholds for differential expression were (i) an absolute
value of the fold change >1.5, and (ii) a false discovery rate (FDR) - adjusted p-value < 0.05, using the Benjamini -
Hochberg method™ to correct for multiple comparisons.

We are not aware of studies regarding the effect of the cell culture on the gene expression of primary human
stem cells. Such an effect, however, can be expected since the cells are deprived of their natural environment.
Remarkably, the cultivation per se leads to significant changes in the gene expression pattern of 5012 genes,
corresponding to 24% of the genes contained within the array. Although the expression of these genes within
the CD34" cell population has significantly changed following the 36 hour of cultivation under both conditions,
the changes induced may differ with regard to their sign as well as their amplitude. Using iPathway guide for a
bioinformatic analysis, the changes observed within the transcriptome could be allocated to 24 out of the 320
assignable signaling pathways. For this assessment, we applied the Bonferroni correction to adjust for multi-
ple comparisons. Among the most prominent pathways were those associated with DNA replication and cell
metabolism. Albeit interesting in themselves, these effects are not at the focus of the present work and will not be
considered in more detail here.

We proceed with the overall assessment of the transcriptome. 485 genes were identified that show significant
changes exclusively in the GQD - containing cultures. On the other hand, 686 differentially expressed genes were
observed only under culture conditions without GQDs, i.e., these expressions are suppressed by the presence
of the GQDs. This corresponds to eight modified signaling pathways. Five of them, namely (1) Apoptosis, (2)
Hepatitis B, (3) NOD-like receptor signaling, (4) Arginine and proline metabolism and (5) colorectal cancer,
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Figure 6. Annexin apoptosis assay for (a) untreated CD34™ cells before cell culture (left) and a positive control
using Etoposide as an apoptosis inducing agent (right), (b) CD347 cells cultivated for 36 h without (left) and
with GQDs (right) and (c) CD34" cells cultivated for 90 h without (left) and with GQDs (right). Shown is one
representative example out of 3 independent experiments.

showed a change in the presence of the GQDs, while in the remaining three, (6) Protein processing in endoplas-
mic reticulum, (7) Biosynthesis of amino acids and (8) HTLV-I infection, the changes were suppressed by the
GQDs, see Fig. 5(b).

The mere number of affected pathways does not reflect the strength of the GQD related effects. In order to
quantify the impact of the GQDs, we determined the negative logarithms of the Bonferroni corrected p-values®.
We limit our discussion to the eight pathways affected only in one of the two culture conditions, plus the three
most prominent pathways affected in both culture conditions. The full set of the 32 pathways is provided in
Table S2.

In general, the attribution of the gene expression to the signaling pathways is only qualitative and does not
necessarily imply a change of the amplitude of the corresponding cellular processes. Therefore, we selected one
of the pathways for an independent, quantitative verification, namely the apoptosis pathway, since it is not only a
good measure for cell damage, but also can be tested via the well-established Annexin V/Propidium Iodide assay.
As shown in Fig. 6, this pathway got in fact activated in both culture conditions, even though the effect was very
small (less than 5%). However, there was no significant difference between the proportions of Annexin expressing
CD347 cells when the cells were cultivated for 36 h (Fig. 6(b)) in the presence of GQDs compared to those without
them. Since it may take longer for the changed gene expression to get translated into apoptosis, we also carried
out the assay after 90h, see Fig. 6(c). Also here, no significant difference between the two culture conditions could

be detected. Thus, the significance in the apoptosis pathway is confirmed by the Annexin array, but the p-values
difference between the two culture conditions cannot be seen in the direct test.
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Figure 7. (a) Comparison of the transcriptome of CD347 cells following cultivation under the two conditions
for 36 hours. Only the SEPW1 gene showed a significant differential expression. (b) Volcano plot for all genes
(SEPW1 is labeled with a red circle in the upper left corner) and sample signals for the SEPW1 gene (inset). (c)
Measurement of the intracellular amount of Selenoprotein W following 36 h of cultivation without GQDs (left)
and with GQDs (right).

We proceed by describing the identification of the genes with the highest susceptibility to GQDs and the direct
comparison of the CD34" cell samples from the two culture conditions. We find 33 genes that meet the criteria
required for being regarded as differentially expressed before the FDR correction, namely an absolute value of
the fold change larger than 1.5, and a p-value below 0.05, see Table S3 for a comprehensive set of data. 32 of these
genes showed only marginal changes with a fold change <2. After the correction using the FDR algorithm, just
one gene, namely Selenoprotein W, 1 (SEPW1), showed a significant differential expression according to the cri-
terion given above (|fold change| > 1.5 and FDR < 0.05).

The SEPW1 gene shows a 5-fold smaller expression level following cultivation in the presence of GQDs as
compared to the cultivation in the absence of GQDs. The comparative impact on the expression level of this single
gene can be seen in the volcano plot (Fig. 7(a,b)). Since the SEPW1 gene encodes directly the production of the
Selenoprotein W, the intracellular amount of this protein after 36 h of cell culture was measured by flow cytome-
try, using an AF647 conjugated Anti-Selenoprotein W antibody, see Fig. 7(c). A marked decrease of the median
fluorescence intensity in the APC channel (635 nm excitation, 660 + 20 nm emission) from 632 (without GQDs)
to 403 (with GQDs) was observed, thereby verifying the results from the gene expression analysis.

We continue by interpreting these observations in the context of stem cell biology. At the beginning of the
incubation experiment, the majority of the CD34" cells are in the G1 phase of the cell cycle, while in the bone
marrow, significantly more CD34%/Ki-67" cells are in the S/G2M phase’. Being transferred into a liquid culture
medium and thereby deprived of their natural microenvironment within the BM niche, they start to proliferate.
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This is in line with our observation that following a cultivation period of 36 hours, the cell number doubles
approximately, irrespective whether GQDs were present in the medium or not. The expression pattern resembles
to some extent that one of CD34" cells residing in the bone marrow, in comparison to those circulating in the
peripheral blood. For instance, greater cell cycle and DNA synthesis activity of BM-CD34" than PB-CD34" cells
were reflected by the 2- to 5-fold higher expression of nine genes involved in cell cycle progression, eleven genes
regulating DNA synthesis and the cell cycle-initiating transcription factor E2F-1*'.

Among the 5012 common cultivation-related genes, only SEPW1 was significantly modified by the pres-
ence of the GQDs, with a strongly reduced expression level. The function of this gene has been shown to be
related to the control of cell cycle entry. Hawkes et al. identified targets of selenium (Se) in cultured human
breast and prostate epithelial cells using gene expression by DNA microarrays*2. SEPW1 was the only seleno-
protein messenger RNA (mRNA) increased by both sodium selenite (specific) and high-Se serum (physio-
logic). Interestingly, SEPW1 small interfering RNA inhibited G1-phase progression and increased G1-phase
gene transcripts, while decreasing S-phase and G2/M-phase gene transcripts. These observations imply cell
cycle interruption at the G1/S transition. Along this line of reasoning, our finding could indicate that the
cultivation-induced upregulation of SEPW1 is counteracted - similar to the effect of small interfering RNA - by
the GQDs with an inhibitory effect on cell cycle progression, i.e., cell division. Still, the effect was not suffi-
ciently strong enough to be translated into a functional effect, as there was no difference in the concentration
of CD347 cells cultivated in the presence of GQDs or alone. Regarding apoptosis, one report shows that large
graphitic flakes with diameters in the range of 300 to 1 cause apoptosis in red blood cells and in macrophages,
most likely through generation of intracellular reactive oxygen species (ROS)*, which is in line with earlier
studies on skin fibroblasts**. GQDs also induced apoptosis and inflammatory reactions in macrophages*. In
contrast to these reports, we did not detect an increased, GQD - induced apoptosis in the primary human
HSCs. Furthermore, none of the other seven modified pathways is readily associated with cellular damage or
repair, which speaks against toxicity beyond apoptosis. Interestingly, in some studies the low toxicity appears
to be independent of the attached functional groups, as carbon nanodots with various amounts of nitrogen and
oxygen do not affect the cell viability in a significant way?**¢, while in other studies a distinct toxicity of some
functional groups is observed®’.

This small effect of incubated GQDs on the transcriptome of the cells, including triggering of apoptosis, is
striking and asks for an explanation. We tentatively interpret this relative inertness by referring to recent reports
on the subcellular distribution of GQDs inside cells after incubation. It has emerged that the GQDs are encapsu-
lated in vesicles like lysosomes®, which is in tune with the observed accumulation in the periphery of the nucleus
(Fig. 3(a)). Thus, it is conceivable that encapsulation not only protects the compartments of a cell from the possi-
ble effects of the GQDs but also renders the attached functional units as not very relevant, provided they do not
modify the compartementalization. It should be emphasized that in other publications that report an approxi-
mately homogeneous distribution of the GQDs across the cytoplasm, the cells have been fixed, i.e., they are not
alive at the time of the imaging. Our confocal fluorescence images rather imply that in living cells, the GQDs
accumulate in the periphery of the nucleus, in tune with recent observations®***”. Larger GQDs, on the other
hand, may be encapsulated to a lesser degree or even damage the cell membrane during incubation. Nevertheless,
even though the GQDs appear to be well separated from the cell compartments, GQD - induced drug delivery is
achievable, namely regarding applications directly in endosomes or lysosomes, as well as schemes where the drug
is released from lysosomes into the nucleus®.

The functional relevance of the other differentially expressed genes within the pathways of Arginine and
Proline, Colon Cancer, Hepatitis B pathway, protein processing in the endoplasmic reticulum, biosynthesis of
amino acids, HTLV I infection and NOD like receptor is, based on the knowledge acquired here, hard to address
adequately as they encompass a broad variety of overlapping genes involved in very general cellular processes
such as K-RAS, JNK and c-Jun. Such an interpretation would require further, complementary experiments.

Summary and Conclusions

We examined the in vitro effects of small graphene quantum dots (with diameters of approximately 3 nm) on
the gene expression of primary human cells, namely blood-derived CD34" cells from leukapheresis products
of normal donors, after incubation. Surprisingly, of the 20800 genes included in our study, only a single gene
is strongly affected, i.e., SEPW1 is downregulated with a fold change of —5. Even though this downregulation
might be related to a slowdown of the cell cycle, this was not reflected in a decreased proliferation. Furthermore,
1170 gene expressions are weakly affected and ascribed to eight signaling pathways. The effect of the GQDs on
the transcriptome is markedly weaker than that one of the culture medium, which affects 5012 gene expressions
belonging to 24 signaling pathways.

We conclude that our GQDs show only marginal effects on the transcriptome as well as low toxicity. The cells
used form a rare hematopoietic stem cell population that is usually residing in the bone marrow, are highly sen-
sitive to environmental disturbances and they may therefore be regarded as a particular sensitive type of cell for
studying the effects of GQD exposure. Furthermore, we excluded influences on the results by alterations of the
cellular phenotype, since we have concentrated our study on the early stage of cultivation (36 h).

These results are commensurate with recent observations that after incubation, the GQDs are encapsulated
by vesicles inside the cell, possibly in relation to the endosomal - lysosomal evolution after uptake of extracellular
particles via endocytosis. Possibly, such a compartmentalization protects the cell from possibly toxic effects of
the GQDs, irrespective of the functional groups they carry. This situation may be useful for some diagnostic or
therapeutic applications, while for others, endosomal release, and the corresponding toxicity studies thereafter,
would be required.
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Materials and Methods

Materials. Citric acid (ACS reagent, >99.5%), Diethylentriamine (DETA, 99%), L-Glutamine-Penicillin-
Streptomycin solution, Dulbecco’s Phosphate Buffered Saline (DPBS), Float-A-Lyzer dialysis devices (100-
500 Da), human serum albumin, EDTA, Selenoprotein-AF647 antibodies and sterile filters (200 nm) were
obtained from VWR and antibodies against CD45-FITC/CD34-PE, CD34-APC and the FITC Annexin V
Apoptosis Detection Kit I were purchased from BD biosciences. Stem SPAN™ SFEM II medium, Stem SPAN™
CD34" Expansion Supplement (10x) and Lymphoprep™ solution were bought at STEMCELL™ Technologies and
microwave reaction vessels were obtained from CEM GmbH. The CD34 MicroBead Kit UltraPure human, MACS
LS columns and 30 pre separation filters were purchased from Miltenyi Biotec and the Fix and Perm Kit was
bought from Thermo Fisher Scientific. Separation buffer was prepared freshly by supplementing 500 ml DPBS
with 1.5 ml 5% human serum albumin and 1.5ml 50 mM EDTA.

Synthesis of graphene quantum dots (GQDs). Fluorescent GQDs were synthesized using the recipe
of Qu et al.?” with slight modifications. 210 mg citric acid and 340 mg DETA were placed into a 10 ml microwave
reaction vessel and stirred for 10 min. The mixture was heated to 180 °C under constant stirring in the closed and
pressure resistant vessel for 2 min using a CEM Discover Microwave Synthesizer. A viscous, dark orange liquid
was obtained and dissolved with 10 ml DI water immediately after the cooldown. The aqueous solution was cen-
trifuged with an Eppendorf MiniSpin® at 13400 rpm for 10 minutes to remove insoluble residual. A Float-A-Lyzer
dialysis device (MWCO 100-500 Da) was used to remove citric acid and DETA waste as well as the smallest par-
ticles by dialyzing 10 ml of the GQD solution against 21 of DI water for 48 h with one water exchange after 24 h.
The obtained pure GQD solution was dried and weighed with a Sartorius A 200S electronic analytical balance.

Characterization of GQDs. Photoluminescence properties were measured using a Horiba FluoroMax®-4
spectrofluorometer, which allows for the correction of inhomogeneities in the instrument and detector response
as well as differing lamp intensity, and absorbance spectra were taken with an Agilent Cary 4000 spectrophotom-
eter. Thus, the fluorescence intensities are quantitavely comparable. AFM measurements were performed using
the tapping mode of a Veeco 3100 with SiO, as substrate. XPS data were measured using a PHI 5000 Versaprobe IT
XPS microprobe instrument with Au as substrate and TEM images were taken with the Titan G3 50-300 PICO*
on ultra thin amorphous carbon TEM grids. Raman spectra were obtained on a Bruker MultiRAM-FT Raman
spectrometer equipped with a ND:YAG-laser (excitation wavelength 1064 nm). GQDs were measured in water
dispersion in a mirrored cuvette with a laser power of 950 mW for 5000 scans with a resolution of 4cm™'. Water
reference spectra were obtained using the same settings. Solid-state spectra of citric acid were collected at 75 mW
for 2500 scans with a resolution of 4 cm ™. The diethylenetriamine reference Raman spectrum was measured in
an NMR tube at 400 mW for 2500 scans with a resolution of 4 cm™~!. PXRD patterns were recorded on a Bruker
AXS D2 Phaser using Cu-Kal/a2 radiation with A= 1.5418 A at 30kV. Elemental analyses were conducted with
a PerkinElmer CHN 2400 Analyzer.

Collection of CD34* primary human hematopoietic stem cells. Primary human hematopoie-
tic stem cells were collected from leukapheresis products of in total seven healthy individuals who served as
HLA-identical donors for an allogeneic blood stem cell transplantation using the common G-CSF conditioning at
a dose of 480 pg per day over a period of 5 days. For isolation of mononuclear cells 1 ml of leukapheresis product
was diluted with 5ml DPBS and layered over 15ml of Lymphoprep™ solution in a 50 ml conical tube for density
gradient centrifugation. The tube was centrifuged at 835 g for 20 min at 20 °C without brake. The interphase was
collected and layered again on 15 ml of Lymphoprep™ solution in a 50 ml conical tube followed by a second
centrifugation at 835 g for 20 min at 20 °C without brake. To obtain a pellet of mononuclear cells the interphase
was collected again and washed with 50 ml DPBS followed by 5 min centrifugation at 300 g. For the lysis of red
blood cells the pellet was resuspended in 10 ml ammonium chloride solution (pH=7.4). After 10 minutes the
conical tube was stocked up to 50 ml with separation buffer and centrifuged for 5min at 300 g. The obtained cell
pellet was resuspended in 50 ml separation buffer and centrifuged again for 5min at 300 g. To isolate the CD34*
hematopoietic stem cells from other mononuclear cells the pellet was resuspended in 300 pul separation buffer
per 108 cells and the obtained cell solution was incubated with 100 pl FcR blocking reagent and 100l CD34
MicroBeads UltraPure per 108 cells respectively. After 30 minutes of incubation time at 4 °C the cells were washed
with 50 ml of separation buffer twice (centrifugation for 5 min at 300 g) and resuspended in 3 ml separation buffer.
The LS column with the pre-separation filter on top was placed in the magnetic field of a MidiMACS Separator
and rinsed with 3 ml separation buffer, before the cell suspension was applied. Afterwards, unlabeled cells were
removed by washing the column twice with 5 ml separation buffer and the column was placed on a 15 ml col-
lection tube. Finally, the labeled cells were flushed out immediately with 7 ml separation buffer by pushing the
plunger into the column.

Cell cultivation of CD34* primary human hematopoietic stem cells with GQDs.  Using 24 well
plates, CD34" primary human hematopoietic stem cells were taken in culture immediately after collection.
The culture medium contained 90% Stem SPAN™ SFEM II medium and 10% Stem SPAN™ CD34* Expansion
Supplement (10x) complemented by 1% L-glutamine-penicillin-streptomycin solution. Per well, 500 pul of cell sus-
pension were dispensed at a concentration of 4 x 10° cells/ml. For the culture with GQDs, we dissolved GQDs in
culture medium at a concentration of 3mgml ! and the obtained solution was sterile filtered with a 200 nm filter.
100l of the sterile GQD solution were added to all GQD culture wells (leading to a final GQD concentration of
500 ug ml~!) while the controls received 100 ul pure culture medium. The cultivation took place in a Heracell TM
150i incubator in a humidified atmosphere at 5% CO, and 37 °C.
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RNA extraction. Total RNA was extracted using the Qiagen RNeasy Mini Kit. For lysis, the cells were
washed twice with PBS and resuspended in 350 pl RLT buffer (including 1% (3-mercaptoethanol). The lysate was
given into a QIAshredder column (placed in a 2ml collection tube) and centrifuged for 2 minutes at 13 000 rpm.
After centrifugation, 300 ul Ethanol (70%) were added to the collection tube, the solution was mixed by pipetting
and then transferred to an RNeasy spin column (placed in a new 2 ml collection tube) for centrifugation at 10
000rpm for 15s. The flow-through was discarded and the spin column placed in a new collection tube. To wash
the spin column membrane 350 ul RW1 buffer were added, followed by 15s centrifugation at 10 000 rpm. For
DNase digestion, 10 ul DNase were given to 70 1l RDD buffer and placed into the spin column membrane. After
15 minutes of incubation time at room temperature, 350 ul RW1 buffer were added followed by 15 s centrifugation
at 10 000 rpm. The flow was discarded and the spin column was placed in a new collection tube, followed by the
addition of 500 pl RPE buffer and subsequent centrifugation for 15s at 10 000 rpm. Discarding the flow again, the
spin column was placed in a new collection tube, 500 ul RPE buffer were added and the solution was centrifuged
for 2 minutes at 13 000 rpm. Finally, the spin column was placed in a 1.5 ml collection tube, 30 pl RNase free water
were added followed by centrifugation for 1 minute at 10 000 rpm. The eluate contains the RNA and was frozen at
—80°C before further processing.

Gene expression analysis. RNA quality evaluation and cDNA microarray experiments were per-
formed according to Affymetrix standard protocols by the Genomics and Transcriptomics Lab (GTL) at the
Heinrich-Heine-University Dusseldorf on Clariom S™ Assays. The generated CEL files were normalized and
analyzed using the Transcriptome Analysis Console (TAC) 4.0 software. P-values were calculated using an eBayes
corrected ANOVA followed by correction for multiple testing with the Benjamini-Hochberg method (FDR
p-value). The thresholds for differential expression were |fold change| > 1.5 and FDR adjusted p-value < 0.05.
Significantly impacted pathways were analyzed using Advaita Bio’s iPathwayGuide. This software analysis tool
implements the Impact Analysis approach that takes into consideration the direction and type of all signals on a
pathway, the position, role and type of every gene as described by Draghici*’. Adjustment for multiple compari-
sons using the Bonferroni method was implemented during pathway analysis.

Flow cytometry. All flow cytometry measurements were performed with a BD FACSCalibur™ flow cytom-
eter. For evaluation, debris was removed by gating the living cells in a forward vs. sideward scatter plot (FSC vs.
SSC) and for every sample at least 1 000 cellular events were recorded.

Assessment of CD34" purity and GQD uptake. Cells with and without GQDs were washed twice with
PBS (2 ml, 5min centrifugation at 300 g). In order to assess the amount of CD34™ cells, 10° cells of every condition
were incubated with 10 pl CD45-FITC/CD34-PE antibody for 15 minutes at room temperature in the dark. Cells
were washed with PBS again and fixed with 200 pul 0.5% formaldehyde solution before flow cytometry analysis.
CD34" cells were determined out of a CD45 vs CD34 dot plot. To study the uptake of GQDs into the cells, 10° of
the washed cells with and without GQDs were fixed with 200 pl 0.5% formaldehyde solution. The fluorescence
was measured in the FITC (488 nm exitation, 530 &= 30 nm emission) as well as in the PE (488 nm excitation,
575 =+ 26 nm emission) channel, as both channels are in the emission range of the GQDs.

AnnexinV apoptosis assay. Cells were washed twice with cold PBS and incubated with 2.5.1 CD34-APC
antibodies for 15 minutes at room temperature in the dark followed by one washing step. Then they were resus-
pended in 1x Binding Buffer at a concentration of 1 x 10 cells/ml before adding 2.5 ul of FITC Annexin V and PI
each per 10° cells. After vortexing, the cells were incubated for 15 min at room temperature in the dark. Finally,
400pl 1x Binding Buffer were added and the samples were measured by flow cytometry immediately.

Measurement of intracellular Selenoprotein W.  For permeabilization of the cells, the Fix and Perm
Kit was used. Cells were washed twice with cold PBS and resuspended in 100 pl fixation reagent. After vortexing,
the cells were incubated for 15min at room temperature in the dark before they were washed with PBS again, fol-
lowed by incubation with 100 il permeabilization reagent and 1 ul AF647 conjugated Selenoprotein W antibody
for 20 minutes at room temperature in the dark. Finally, the cells were washed with PBS, resuspended in 200 pl
0.5% formaldehyde solution and analysed by flow cytometry.

Ethical statement. All experiments were performed in compliance with the relevant laws and institutional
guidelines and have been approved by the ethical committee of the Heinrich-Heine-University Diisseldorf (study
number 2018-50-FmB). All donors have given their informed consent according to the guidelines of the ethical
committee specified above.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Figure S1: Fine structures of the XPS measurements at our GQDs corresponding to the (a)
O1s resonance and (b) N1s resonance.
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Figure S2: Raman spectra of (a) GQDs and water, (b) citric acid, (c) diethylentriamine
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Figure S3: (a) TEM image of the GQDs and the corresponding size histogram (inset) and

(b) XRD pattern of the GQDs.
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Figure S4: The GQDs deposited on SiO, as seen by an atomic force microscope on a larger
scale (a) and a zoom with the height profiles of two GQDs (b) The height between 1 nm and

2 nm indicates up to three graphene layers.



(@) immediately after purification, before cell culture

<

10

10°

SSC-Height
0 200 400 GQO 800 1000

CD45 FITC
10°

T e T T T
0 200 400 600 8001000 10° 10" 10® 10 10*
FSC-Height CD34 PE

36 h cell culture with GQDs

_
(=2
-

104

94.74 %

10°

SSC-Height
200 400 GQO 800 1000

CD45 FITC
10°

LALELALE BLELELELE BLELELELE BUELELELEN ILELELILE | -— AR DAL DRLELRLLLL LR
0 200 400 600 8001000 10° 10" 10® 10° 10*
FSC-Height CD34 PE

90 h cell culture with GQDs

0

°
)

4

10

2:69 %

10°

SSC-Height
200 400 6q0 800 1000
CD45 FITC
10°

0

0 200 400 600 8001000 10° 10 10 10° 10°

FSC-Height CD34 PE
Figure S5: Fraction of CD34" following selection using anti-CD34 MoAb coated immuno-
magnetic beads at time point 0 (a), after 36 h (b) and after 90 h of cell culture with GQDs
(c).Viable cells were gated using a forward scatter (FSC) vs side scatter (SSC) plot. The
fraction of CD34" cells was obtained in a CD34 vs CD45 plot based on all viable cells.



Table S1: RIN numbers and RNA concentraion

Donor Condition RNA concentration (ng/pl) RIN number

before cell culture 3.4 9.7

1 36 h cell culture 11.5 10.0
36 h cell culture with GQDs 8.7 10.0
before cell culture 70 8.8

2 36 h cell culture 19.6 10.0
36 h cell culture with GQDs 9.1 9.9
before cell culture 6.8 8.4

3 36 h cell culture 17.7 10.0
36 h cell culture with GQDs 14.9 10.0
before cell culture 3.4 9.7

4 36 h cell culture 15.6 10.0
36 h cell culture with GQDs 11.1 10.0




Table S2: Signaling pathways belonging to Figure 4

Pathway name

Bonferroni p-
value (36 h with
GQDs vs. before
cell culture)

Bonferroni p-value
(36 h  without
GQDs vs. Dbefore
cell culture)

DNA replication

Metabolic pathways

Ribosome biogenesis in eukaryotes
Oxidative phosphorylation

Cell cycle

Proteasome

Fanconi anemia pathway
Epstein-Barr virus infection
Parkinson’s disease

Alzheimer’s disease

Spliceosome

Aminoacyl-tRNA biosynthesis
Mismatch repair

Huntington’s disease

MicroRNAs in cancer

Apoptosis

Non-alcoholic fatty liver disease (NAFLD)
Nucleotide excision repair
Pyrimidine metabolism
Homologous recombination

RNA transport

Hepatitis B

NOD-like receptor signaling pathway
Citrate cycle (TCA cycle)
Cellular senescence

Viral carcinogenesis

Arginine and proline metabolism
Colorectal cancer

Purine metabolism

Protein processing in endoplasmic reticulum
Biosynthesis of amino acids
HTLV-I infection

6.83E-13
1.04E-11
2.49E-07
2.32E-05
3.52E-05
3.56E-05
1.42E-04
3.54E-04
3.94E-04
4.81E-04
5.77TE-04
8.03E-04
1.57E-03
1.60E-03
1.60E-03
1.92E-03
1.93E-03
3.00E-03
3.26E-03
3.59E-03
3.76E-03
5.72E-03
6.10E-03
1.11E-02
1.72E-02
2.76E-02
3.67E-02
4.78E-02
4.80E-02
7.48E-02
1.96E-01
3.14E-01

9.81E-14
9.42E-13
3.56E-07
6.10E-06
6.74E-05
2.43E-05
1.24E-04
4.60E-04
2.26E-04
5.43E-04
3.85E-03
5.81E-04
4.30E-04
1.55E-03
2.14E-05
7.17E-02
2.01E-02
2.35E-03
8.65E-04
3.56E-03
2.67E-03
9.24E-01
5.12E-02
2.47E-02
2.39E-02
4.37E-03
7.04E-01
1.00E+-00
6.97E-04
3.45E-02
3.94E-02
4.97E-02




Table S3: Gene expression changes belonging to Figure 6

Gene symbol | Fold p-value | FDR Description
change p-value

SEPW1 -5.14 | 1.64E-08 | 4.00E-04 | selenoprotein W, 1

FRMD3 -2 | 9.46E-05 0.9998 | FERM domain containing 3

TYRO3 -1.92 0.0357 0.9998 | TYRO3 protein tyrosine kinase

LRRCC1 -1.73 0.003 0.9998 | Entrez Gene ID(s) 85444

CELF4 -1.68 0.0031 0.9998 | CUGBP, Elav-like family member 4

CD53 -1.63 0.0472 0.9998 | Memczak2013 ALT ACCEPTOR,

GNG3 -1.63 0.0256 0.9998 | guanine nucleotide binding protein
(G protein), gamma 3

KIF2C -1.6 0.0258 0.9998 | kinesin family member 2C

LINC01140 -1.57 0.0229 0.9998 | long intergenic non-protein coding
RNA 1140

PLEKHAS8 -1.56 0.002 0.9998 | pleckstrin homology domain con-
taining, family A member 8

ZNFT780A -1.56 0.0187 0.9998 | zinc finger protein 780A

NUDT?2 -1.54 0.0383 0.9998 | nudix hydrolase 2

GAS1 -1.54 0.0048 0.9998 | growth arrest-specific 1

KRTAP21-1 -1.53 0.0289 0.9998 | keratin associated protein 21-1

AC018462.2; 1.5 0.0035 0.9998 | Salzman2013 ANTISENSE, coding

GPR135 1.52 0.0152 0.9998 | G protein-coupled receptor 135

ZNF345 1.52 0.0435 0.9998 | zinc finger protein 345

HMBS 1.53 0.0422 0.9998 | hydroxymethylbilane synthase

ZBEDS 1.53 0.0356 0.9998 | zinc finger, BED-type containing 8

NBEAL1L 1.54 0.0132 0.9998 | neurobeachin like 1

LOC100133315; 1.54 0.0222 0.9998 | transient receptor potential cation

RP11- channel subfamily C, member 2-like

849H4.2

ZNF582 1.58 0.0378 0.9998 | zinc finger protein 582

TNXA 1.59 0.004 0.9998 | tenascin XA (pseudogene)

ARAP2 1.59 0.0115 0.9998 | ArfGAP with RhoGAP domain

SMC1B 1.59 0.0059 0.9998 | structural maintenance of chromosomes 1B

BBS5 1.61 0.0215 0.9998 | Bardet-Biedl syndrome 5

ASIC2 1.61 | 6.00E-04 0.9998 | acid sensing ion channel 2

SLC26A11 1.62 0.0246 0.9998 | solute carrier family 26 (anion ex-
changer)

RAT14 1.63 0.0401 0.9998 | Entrez Gene ID(s) 26064

KRTAP2-4 1.67 0.012 0.9998 | keratin associated protein 2-4

DGKD 1.68 0.0035 0.9998 | diacylglycerol kinase, delta 130kDa

BBOF1 1.76 0.0059 0.9998 | basal body orientation factor 1

ST8STA4 1.8 0.0422 0.9998 | ST8  alpha-N-acetyl-neuraminide
alpha-2,8-sialyltransferase 4




4 Conclusions and Outlook

Within this thesis, we studied several aspects of the interaction of GQDs with
human cells. The main findings of the presented publications will be briefly
summarized here and suggestions for future research will be made.

As a starting point, the uptake dynamics of GQDs into primary human leukocytes
and CD34" hematopoietic stem cells was studied. A nearly linear time- and
concentration dependent uptake was found for all cell types studied. The mean
uptake by granulocytes and monocytes is 3.6 and 6.7 times greater compared to
lymphocytes. Within the lymphocyte subsets NK cells and B cells incorporate
more than twice as much GQDs as compared to T helper and cytotoxic T cells.
The uptake of GQDs into CD34" hematopoietic stem cells is comparable to the
uptake into B and NK cells. The observed differential uptake can not be explained
by variations in cell size alone. The results suggest a better incorporation ability
of cells capable of phagocytosis but the reason for the differential uptake into the
lymphocyte subsets remains unclear. Over a time frame of 36 h the effect of the
GQDs on viability of the cells is rather low with a measured viability of 90 % at
the highest concentration.

The uptake studies were extended to different breast cancer models. Estrogen
receptor positive, progesterone receptor positive, HER2 negative MCF-7 cells show
a three times higher uptake compared to triple negative MDA-MB-231 cells as well
as MCF-10A cells as a model for non-tumorigenic mammary epithelial cells. Again,
the differential uptake can not be explained by cell size alone. Localization of the
GQDs via confocal fluorescence microscopy reveals that the GQDs accumulate near
the nucleus inside the endolysosomal system, suggesting an uptake via endocytosis.
Uptake studies into the closer-to-reality system of murine ez vivo precision-cut
mammary tumor slices demonstrate a constant uptake into the depth of the tissue
without an increase of apoptotic or necrotic cells.

To gain insight into the effects of the GQDs on the cellular function we examined
the effect of GQDs on the transcriptome of primary human CD34" stem cells
by recording the gene expression changes of 20 800 genes. Only one, namely the
selenoprotein W, 1 shows a differential expression, to be specific, a downregulation

by 80 %. This finding is confirmed by measurements of the intracellular amount
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of the corresponding protein, the selenoprotein W, which is decreased in cells
incubated with GQDs. A meta analysis, that takes into account the more prominent
changes just by cell culture reveals 1171 weakly affected genes, that correspond
to the following eight pathways: Apoptosis, Arginine and Proline, Colon Cancer,
Hepatitis B pathway, protein processing in the endoplasmic reticulum, biosynthesis
of amino acids, HTLV I infection and NOD like receptor pathway. The annexin
apoptosis assay could not confirm enhanced apoptosis within the GQD-incubated
cell population, which underlines that the effects revealed by the meta analysis are
weak effects.

In conclusion, further studies are necessary to understand the differential uptake
into different cell types. Size and phagocytosis capability seem to be two factors.
More factors could include the endocytosis rate of the cell as well as the interaction
of GQDs with the glycocalyx of the cells, which might trigger the incorporation
of the GQDs. A possible experiment could study the correlation between the
expression of extracellular sugars like sialic acid, hyaluronic acid and fucose and
the uptake of GQDs.

At a first glance, the pronounced and differential uptake into some tumor cells as
well as the uptake into the depth of tumor tissue combined with very low effects
on cellular function and cell viability seems to be promising for the usage of GQDs
as core of a drug delivery system. However, the incorporation of the GQDs into
the endolysosomal system might explain the low toxicity, as the encapsulation in
lysosomes possibly protects the cell from potentially toxic effects of the GQDs. In
many cases the application as a drug delivery system will require targeting of the
nucleus or the cytoplasm. Therefore, endosomal escape would be desirable, which
could be achieved by using the proton sponge effect. This may indeed lead to more

pronounced effects on the cellular functions.
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