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Abstract

Background/Aims: The use of skin-derived stem cells and stem cells of other origins in
regenerative medicine requires knowledge of stem cell fate after transplantation. In order to
achieve non-invasive long-term imaging and tracking of transplanted stem cells in preclinical
studies, a non-toxic, efficient labeling technique that does not alter stem cell characteristics
must be used. Our aim was to investigate a method for such a long-term cell-compatible cell
tracer using nanoparticles. Methods: Nanotechnology, in particular the use of quantum dots
(QDs), offers great advantages for this crucial requirement. In this study, we used nanocrystals
coated with a specific target peptide that enables delivery into the cytoplasm of cells, resulting
in an intense and stable fluorescent labeling. We analyzed the influence of biocompatible
CdSe/ZnS-QDs on epidermal stem cells (EpiSCs) isolated from adult human skin. Thereby we
analyzed on QD loading, cell proliferation including QD transfer to descendent daughter cells
as well as the influence on the differentiation potential of stem cells after QD labeling. Results:
FACS analysis revealed a dose-dependent QD incorporation into the cells. Thereby, a high
initial concentration of nanocrystals resulted in a more stable long-term labeling. QD labeled
cells showed normal viability and unchanged ability to proliferate. The spread of QDs during
cell division was monitored by time lapse microscopy and two modes of QD distribution
could be observed. Daughter cells either received an equal amount of QDs after cell division,
which led to a homogenously faded fluorescence signal, or there was an uneven transmission
of QDs, which led to unchanged labeling of one cell and a complete loss of the fluorescence
signal of the other cell. The spontaneous differentiation potential remained unaffected after
QD exposure, since skin-derived EpiSCs showed an unchanged protein and gene expression
profile. Conclusion: In summary, we can conclude that QDs offer a successful, non-invasive
and efficient labeling technique for EpiSCs, which makes their in vitro and in vivo use in skin
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regeneration and wound healing models traceable. Nevertheless, the uneven transmission
of QDs should not be disregarded and the extent and frequency should be investigated in
further studies.
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Introduction

With recentadvances in regenerative medicine and cell-based therapies, there is a strong
need for new and improved labeling techniques of cells used either in vitro or in vivo. The
main goal is long-term non-invasive imaging and tracking of transplanted cells to monitor
their survival, migration, differentiation and regenerative effects [1].

Nanotechnology, especially the use of QDs, offers major advantages for highly sensitive
tracking of stem cells. In contrast to organic dyes or fluorescent proteins, QDs are superior
due to their photostability and sustained fluorescence intensity [2, 3]. Among various QD
types and different coatings [4-6], commercially available QDs for cell labeling discussed
here are made from a cadmium selenide core that is surrounded by a zinc sulfide shell. Using
a custom targeting peptide CdSe/ZnS nanocrystals can easy be delivered into the cytoplasm
of living cells [7, 8].

In a previous study, we reported no adverse effects of CdSe/ZnS QD labeling on the
differentiation potential ofadultstem cells isolated from rat pancreas [9]. Similar observations
for other stem cell types such as embryonic stem cells, induced pluripotent stem cells or
mesenchymal ones have recently been published [10-12]. Intriguingly, others have noted
changes in the differentiation profile of stem cells after labeling with nanoparticles such as
the inhibition of osteogenesis with QD labeled bone marrow mesenchymal stem cells [13-
15]. In view of these possible effects of QDs on different cell types, the analysis of an influence
for each individual cell type is inevitable.

The core function of human skin adult epidermal stem cells (EpiSCs) is lifelong self-
renewal. As a highly proliferative cell population, they are located on the basement
membrane between the epidermis and the dermis [16, 17] and pursue their way of terminal
differentiation by leaving their niche and migrating vertically to replace damaged or dead
cells and thus ensure tissue homeostasis [16, 18].

Because of their promising potential for skin regeneration, EpiSCs have become an
attractive tool especially for skin wound healing. The current gold standards of autologous
skin grafts or xenogeneic swine-derived grafts are often limited in their graft size combined
with functional and aesthetic issues [19]. The aim of matrix-based cell therapies is to ensure
complete, scar-free regeneration including skin appendages such as glands and hair follicles,
as well as functional vascularization [20, 21]. It is therefore of major importance to closely
monitor the application of cells in human wound healing with regard to their distribution,
migration, proliferation and differentiation in order to prevent adverse cell functions and
minimize the risk for the patients being treated [22].

Looking for a suitable labeling method for further in vivo experiments, we here describe
the effects of CdSe/ZnS-QD labeling on human EpiSCs in vitro for the first time in order to
rule out a negative effect on the behavior of the cells.
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Materials and Methods

Human epidermal stem cells

Human epidermal stem cells (EpiSCs) were isolated according to their ability to adhere to collagen
type IV rapidly described by Kim et al. [23].

EpiSCs used in this study were isolated from human abdominal and groin skin biopsies obtained
from plastic surgery intervention. Male and female donors were aged between 28 and 58 years to consider
patients variability. In brief, the tissue was minced into small pieces and incubated overnight in dispase (2,0
U/ml, Roche, Germany) to detach the epidermis from the dermis. The epidermis was further treated with
trypsin (0.05 % in 1x DPBS, PAA, Austria) for 10 min interrupted by resuspension through a 1000 pl pipette
tip. The reaction was blocked with 10 % FCS in DPBS (1x, Gibco, Germany) followed by centrifugation for
5 min and 180 g. Cells were seeded on collagen type IV coated culture dishes (BD Biosciences, USA) in
EpiLife® defined Growth Medium with EDGS (both Gibco, Germany) and 0.6 % antibiotic-antimycotic mix
(100 x, Gibco, Germany). After incubation for 7 min at 37 °C free floating cells were removed, selecting fast
adherent cells for further cultivation. Culture medium was changed every 3-4 days and subcultivation took
place at 90 % confluency. In this study, cells were analyzed in passage 3.

Quantum dot labeling

Following the manufacturer’s instruction Qdot® Nanocrystals Qtracker® 605 (QD; Molecular Probes®,
Germany) were used to label human epidermal stem cells. The core of these nanocrystals is made up of
cadmium selenide (CdSe) surrounded by a zinc sulfide (ZnS) shell. The excitation of these nanocrystals
ranges from 405 to 565 nm in contrast to their sharp emission at 605 nm. In addition to the recommended
concentration (10 nM) a lower (5 nM) and a higher concentration (20 nM) were applied. The labeling kit
was composed of nanocrystals and the corresponding carrier, a custom targeting peptide [24, 25], which
enabled the uptake by cells. After incubation for 1 h the cells were washed twice with culture medium and
were further cultivated before experiments took place.

FACS analysis

To quantify the amount of labeled cells 1 h, 24 h, 48 h and 96 h after QD labeling, fluorescence activated
cell sorting (FACS Calibur, BD Biosciences, USA) was performed on EpiSCs labeled with different QD
concentrations (5 nM, 10 nM and 20 nM). Therefore, EpiSCs at passage 3 isolated from 3 different donors
were seeded in cell culture dishes (diameter: 60 mm) at a density of 8400 cells/cm? and labeled with QDs
24 h later. For FACS analysis EpiSCs were harvested and resuspended in PBS with 1 % FCS. Furthermore, an
unlabeled control was analyzed at every time point.

Time lapse microscopy

EpiSCs at passage 3 from 3 different donors were seeded into 6-well-culture plates at a density of 8800
cells/cm? and labeled after 24 h of cultivation with 10 nM QDs and 20 nM QDs respectively. Using a time
lapse microscope (Axiovert 200M, Zeiss, Germany) combined with an incubator (37°C, 5 % CO,) labeled
cells were monitored over a period of 5 days. Images were recorded every 15 min and finally composed to a
movie. Unlabeled cells were analyzed as a negative control.

Growth characteristics

To analyze the impact of QDs on proliferation of human EpiSCs the growth of labeled and unlabeled
cells was observed over a period of 10 days. Cells were seeded in triplicates into 6-well culture plates in
a density of 4400 cells/cm?. One day after seeding, cells were labeled with 10 nM QDs. Unlabeled cells
were kept in culture as a control. During the following 10 days the cells were harvested and counted with
NucleoCounter (Chemometec, Denmark) at several time points (1, 2, 4, 6, 8 and 10 days). This experiment
was done with cells from 3 different patients.

Gene expression analysis

EpiSCs of 3 different donors were seeded in cell culture dishes (diameter: 100 mm) in a density of
1200 cells/cm? pre-cultured for 5 days. One of each dish was incubated with 10 nM quantum dots and
further cultivation of labeled and unlabeled cells took place for 48 h before total RNA was isolated. This
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was performed using the RNA Plus Mini kit and the QIAcube for automated RNA isolation (both Qiagen,
Germany) according to the manufacturer’s protocols. This procedure included a genomic DNA elimination
step. RNA concentration was determined by a nanodrop spectrophotometer (PEQLAB Biotechnology,
Germany) and cDNA was synthesized from 500 ng template RNA using the QuantiTect reverse transcription
kit (Qiagen, Germany) which included a further genomic DNA digestion step. Real-time polymerase chain
reaction (PCR) was carried out in with 1 ul cDNA in a 25 pl reaction volume using the QuantiFast SYBR Green
PCR kit and human specific QuantiTect primers for: $-actin (149 bp), integrin a6 (142 bp), involucrin (120
bp), keratin 7 (103 bp), keratin 10 (91 bp), keratin 14 (76 bp), ki67 (86 bp), laminin a3 (107 bp), nidogen
(123 bp) and p63 (130 bp) (kit and all primer from Qiagen, Germany). The gene expression level of both,
labeled and untreated cells, was determined using the housekeeping gene beta-actin as a reference.

Immunocytochemical analysis

EpiSCs of 3 different donors were seeded on 2-well-chamberslides (3750 cells/cm?; BD Biosciences,
USA) and pre-cultured for 5 days. Half of the wells were incubated with 10 nM QDs and further cultivation
of labeled and unlabeled cells took place for 48 h. Afterwards the cells were washed with PBS and fixed with
4 % paraformaldehyde (PFA, Merck, Germany) for 15 min at room temperature. Next, cells were rinsed
three times with PBS and incubated with 0.1 % Tween 20 (VWR International BDH Prolabo, Germany) for 5
min. Subsequently, samples were blocked with 1.7 % normal goat serum (Vector Laboratories, USA) for the
minimum of 20 min at RT. Primary antibodies against: Integrin a6 (1:250, rat monoclonal, Santa Cruz, USA),
Keratin 7 (1:500, rabbit polyclonal, Abcam, United Kingdom), Keratin 10 (1:200, mouse monoclonal, Millipore,
USA), Keratin 14 (1:500, mouse monoclonal, Santa Cruz, USA), Ki67 (1:500, rabbit polyclonal, Abcam, United
Kingdom), Laminin 5 (1:500, mouse monoclonal, Santa Cruz, USA), p63 (1:250, mouse monoclonal, Santa
Cruz, USA) diluted in TBS-T (tris-buffered saline-triton X: 150 mM NaCl (Merck, Germany), 10 mM Tris
(pH 8.8; biomol, Germany), 0.05 % TritonX (Bio-Rad, USA)) containing 0.1 % bovine serum albumin (PAA
Laboratories, Austria) were incubated in a humid chamber for 1h at 37° C. After rinsing three times with
PBS samples were incubated under the same conditions with the appropriate secondary antibody: FITC-
conjugated anti-rat IgG (1:100), FITC-conjugated anti-rabbit IgG (1:200), FITC-conjugated anti-mouse IgG
(1:200, all Jackson ImmunoResearch Europe, United Kingdom) diluted in PBS. Subsequently a nucleus
staining with DAPI (1:1000 in PBS; Roche, Switzerland) took place for 5 min followed by washing three
times in PBS. Finally, the samples were mounted in Vectashield® mounting medium (Vector Laboratories,
USA) and analyzed by fluorescence microscopy Axio Observer Z.1 (Zeiss, Germany). Quantification of marker
expression was done by counting representative regions of interest containing from 1900 up to 4400 cells
per marker and thereby identifying positive cells.

Results

QD labeling of epidermal stem cells

In addition to the manufacturer’s recommendation of 10 nM, alower (5 nM) and a higher
concentration (20 nM) were applied to the cells in order to determine the appropriate QD
concentration for labeling EpiSCs. Microscopic analysis of EpiSCs showed a weak signal using
5 nM QDs, while 10 nM and 20 nM QDs resulted in strong fluorescent labeling of the cells
with no distinguishable difference between the two concentrations (Fig. 1). FACS analysis,
which allowed to monitor the fluorescence signal per cell, provided a deeper insight into QD
loading of the cells. Thereby, the highest initial signal could be shown in cells labeled with
20 nM QDs. Furthermore, in the 20 nM approach, the fluorescence signal decreased only
within the first 24 h of cultivation and remained stable thereafter, while in the 5 nM and the
10 nM approaches the signal decreased continuously within the monitored period of 72 h
(Fig. 2A). In addition to the analysis of the fluorescence intensity, positively labeled cells
were quantified over a cultivation period of 72 h. The use of 20 nM QDs resulted in an almost
unchanged number of positive cells over the entire period (99.0 %; Fig. 2B), while a slight
decrease could be observed using 10 nM QDs (92.6 %) and a more pronounced decrease
using 5 nM QDs (74.6 %).
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Fig. 1. Incorporation of QDs
into EpiSCs. Cells labeled with
different QD concentrations (0
nM, 5 nM, 10 nM and 20 nM)
were monitored over a period
of 72 h by using a combination
of phase contrast and fluores-
cence microscopy; scale bars:
50 um.

Fig. 2. FACS analysis of EpiSC labeled with different QD concentrations. A: The fluorescence within cells
labeled with 5 nM, 10 nM and 20 nM QDs was analyzed after 1 h, 24 h, 48 h and 72 h, here shown for cells
from one patient exemplarily. B: Decrease of QD positive cells after labeling with 5 nM, 10 nM and 20 nM
QDs was monitored over a period of 72 h. Data is shown as mean # SE. (n=3).
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Time lapse analysis of QD distribution during cell division

To investigate how QDs were passed on to daughter cells during cell division, proliferating
EpiSCs were imaged after labeling with QDs over a period of 4 days by time lapse microscopy
(Fig. 3). Thereby, a thinning of the labeling could be observed. Obviously QD transfer took
place in two different ways whereby the distribution of nanoparticles during cell division
had an impact on the labeling of daughter cells (Fig. 4). An unsymmetrical distribution of
nanoparticles within the cell led to an uneven transmission of QDs after cell division. This
resulted in a daughter cell with a stable fluorescent signal on the one hand and a completely
unlabeled daughter cell on the other hand. Following a homogeneous distribution of
nanoparticles in the cell an equal spread of QDs during cell division was detectable, which
led to two daughter cells with a similar amount of QDs. This uniform distribution was always
accompanied by a thinning of the QD concentration leading to a constant fading of the
fluorescence signal with each cell division.

Proliferation characteristics of QD labeled EpiSCs

In order to study the influence of QDs on the proliferation and their long-term labeling
potential of human epidermal stem cells in vitro, a growth curve with cells from three
patients each was recorded over a period of 10 days with QD labeled and unlabeled cells
(Fig. 5). In both conditions a lag phase was followed by a log phase, which then resulted in
a stationary phase. No difference in the proliferation capability could be observed, when a
labeling concentration of 10 nM was used.

Impact of QDs on the expression of EpiSCs characteristic proteins

Human epidermal stem cells exhibit a very distinct protein expression profile in vitro.
In order to rule out adverse effects of QD labeling on epidermal stem cell characteristics, the
expression of specific marker proteins was investigated at transcriptional and translational
level, performing qRT-PCR and immunocytochemical staining.

Fig. 3. Time lapse microsco-
py of QD labeled EpiSCs. The
distribution of QDs and the
intensity of labeling were
monitored over a cultiva-
tion time of 4 days by using
a combination of phase con-
trast and fluorescence mi-
croscopy; scale bars: 50 um.
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The expression level of analyzed genes remained the same after QD labeling of EpiSCs
(Fig. 6). Transcripts for the epidermal stem cell marker p63 as well as for epidermal specific
keratins like K7, K10, K14 and specific extracellular proteins like integrin a6, involucrin and
laminin 3 were still at the same level after labeling with QDs and cultivation for the period

of 48 h.

Fig. 4. Passing on of QDs during
cell division. Time lapse microsco-
py combining phase contrast and
flurorescence over a period of 2 h
revealed an asymmetrical distri-
bution of QDs during cell division
resulting in an unequal passing on
of QDs (yellow arrow head) and a
symmetrical distribution of QDs
leading to an equal passing on of
QDs (blue arrow head); scale bars:
50 um.

Fig. 5. Growth curve of QD labeled
and unlabeled EpiSCs. Labeled
(10 nM QDs) and unlabeled cells
were cultivated over a period of
10 days and counted on day 1, 2,
4, 6, 8, and day 10 after labeling.
Data was calculated as mean * SE.
from three different human donors
(n=3).

Fig. 6. Gene expression in QD la-
beled and unlabeled EpiSCs. The
relative expression level for epi-
dermal stem cell relevant genes
was analyzed 48 h after QD inocu-
lation for labeled and unlabeled
cells. Normalization was per-
formed against the reference gene
[B-actin. Relative gene expression
was calculated as mean # SE (n=3).
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Quantification of immunocytochemical staining revealed also a statistically unchanged
amount of marker expressing cells in QD labeled cultures in comparison to unlabeled ones
(Fig. 7). All proteins analyzed were still synthesized after QD labeling.

Fig. 7. Protein expression in QD labeled and unlabeled EpiSCs. Immunocytochemical staining of EpiSC
specific proteins (green) and QD labeled (red) epidermal stem cells. In the diagram the amount of marker
expressing cells is shown for QD labeled and unlabeled cells. Data was calculated as mean * SE. (n=3); nuclei
were counterstained with DAPI (blue); scale bars: 50 pm.
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Discussion

The substantial progress of cell-based regenerative therapies essentially depends
on successful labeling techniques of the stem cells used. The major challenge for cell
tracking in vitro and in vivo is long-term and non-invasive monitoring of cell migration and
differentiation, as well as surveillance of the regenerative potential [1, 22, 26]. Exceptional
and long-lasting fluorescence properties of quantum dot nanocrystals prone them as an
excellent tool for labeling cells with the aim of tracking these cells after transplantation [12,
27, 28]. Prior to an in vivo application, we gained mandatory knowledge of the effects of QDs
on the biocompatibility, proliferation and differentiation capabilities of human epithelial
stem cells in vitro in this study.

Initially, the uptake and transfer of QDs in EpiSCs was characterized qualitatively
and quantitatively by time lapse microscopy and FACS analysis. Thereby, we were able to
show that the used QD concentration had an impact on the amount of labeled cells and
also on the fluorescence intensity of the marked cells. The manufacturer recommends a
QD labeling dose of 10 nM, which we also halved and doubled in order to determine the
optimal concentration for our cells. At all concentrations, QDs appear to be cytocompatible
with the EpiSCs and capable of labeling these cells. However, dose-dependent differences
could be observed. One-half of the recommended QD dose resulted in a reduced amount of
labeled cells of approximately 75 % with a weak fluorescence signal. The doubling of the
QD concentration, on the other hand, led to almost 100 % labeling rate with a very strong
fluorescence signal, which, however, hardly decreased over time. A possible reason for this
stable QD labeling could be a saturation effect. The cells might have absorbed so many QDs
that the measured fluorescence signal is at a maximum. Cell division and the associated
thinning of the nanoparticles could therefore not be detectable in the present experimental
setting.

Using 5 nM and 10 nM QDs, however, the labeling decreased over time. This decrease
in fluorescent labeling was shown for other stem cell types like mesenchymal or embryonic
stem cells before [26, 29] and is related to the proliferation of the cells.

With the help of time-lapse microscopy, we further analyzed the distribution of
nanoparticles to daughter cells during cell division. Our observation revealed both an equal
and an unequal transfer of QDs into daughter cells. This is not a specific property of EpiSCs,
but has already been shown for different cell types like human mesenchymal stem cells,
murine hepatocytes and human lymphocytes [29, 30, 31-33]. Since an uneven passing on
of QDs on the daughter cells resulted in one cell without labeling this cell can no longer be
detected. In this context, an interesting hypothesis is that this uneven transmission of QDs
could be related to the asymmetric cell division of stem cells. Since stem cells have the ability
to divide symmetrically and asymmetrically, the segregation of QDs in the cytoplasm along
with other cell components, could be affected by these two types of division. Asymmetrical
cell division would result in a labeled and an unlabeled daughter cell [34]. In this context the
non-equivalent distribution of nanoparticle-loaded endosomes between daughter cells has
been discussed in the literature [35]. Concerning a loss of QDs during cell culture there are
discussions about an active excretion of the particles. In a study by Pi et al. [36], a quick loss
of QD labeling in embryonic stem cells was observed which had been suggested to be due to
the active excretion of QDs by membrane transporters. If EpiSCs have the ability to actively
excrete QDs is currently unknown and has to be investigated in further analyses.

Last but not least, an optimization of the experimental procedure could help to prevent
the formation of QD clusters in the labeled cells and thus achieve a more homogeneous
distribution of the QDs. Sonification of the QD solution before loading the cells might be of
help [37] and should be tested in novel labeling protocols.
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However, we suppose that the proliferation rate of EpiSCs under self-renewal conditions
in vitro is much higher than after transplantation in vivo. Thus, both effects, the decrease
of QDs while cells divide and the loss of labeling due to unequal distribution during cell
division, might not be as pronounced in vivo. To investigate these effects further studies will
be done using an ex vivo human wound healing model based on full skin.

Here we analyzed further, if there is a long-term impact of QDs on the proliferation rate
of EpiSCs. Therefore, we labeled EpiSCs and monitored their proliferation over a period of
10 days. In line with others [26, 29] we found no negative impact of QDs on the proliferation
capability of labeled cells compared to unlabeled ones for the used concentration of 10 nM.
The cells were proliferative and their growth curve displays all growth characteristic features
like lag, log and stationary phase.

Obviously, for EpiSCs neither the time-lapse microscopy nor the growth curve indicates
an increased cell death due to the nanoparticles. It is known that fluorescence of QDs can be
lost due to degradation or irreversible structural damages [36, 38]. In the case of a damaged
CdSe core that surrounds the ZnS-shell, released cadmium ions induce toxic effects on cells
[39-41]. Since no toxic effects of the nanoparticles were observed in the EpiSCs, we conclude
that no significant QD degradation took place within the analyzed time period.

With regard to quality control for in vivo transplantation it is of major importance to
exclude adverse effects of QDs on the specific epidermal stem cell characteristics. For this
reason, we analyzed the expression of several specific markers. As Choi et al. have shown
before for human pluripotent stem cell-derived cardiomyocytes [11], we were able to
confirm that QDs do not affect the differentiation potential of human epidermal stem cells.
All analyzed structural and functional markers were expressed at the same level for labeled
and unlabeled EpiSCs. Among them, p63, one of the most important transcription factors
for differentiating and proliferating epidermal stem cells [42-44] was not altered by QD
labeling. Typical structural proteins of EpiSCs such as keratin 7 and keratin 14 [42-45]
remained unchanged as well. Moreover, typical extracellular matrix proteins like laminin 5
and integrin a6 [44] were still expressed after QD labeling. Overall, applying QDs on EpiSCs
did not change the expression profile for the investigated transcripts and proteins when
analysed 48 h after labeling suggesting an unaffected differentiation potential of EpiSCs. If
there might be any changes on transcriptional or translational level at very early or later
timepoints (before and after 48 h) had to be examined in further experiments. Future
investigations should also address the question whether labeling with QDs will have any
adverse effects after in vivo transplantation.

An additional challenge will be the imaging technique for the visualization of QDs in
animal models [1]. Tracking the migration and destination of transplanted QD labeled cells
is crucial for quality control in order to avoid harmful effects on the tissues in which they
accumulate. It has been shown that QDs injected in mice accumulate in bone marrow, spleen
and in the liver over a monitored period of 4 months [46].

To sum up the results of our study we have demonstrated that human epidermal stem
cells could be efficiently labeled with quantum dots. Labeling with QDs had neither an
influence on the cell proliferation nor on the characteristics of EpiSCs. From a technical point
of view the application of QDs has several advantages. Primarily, the labeling procedure is
simple and reproducible. By using a fluorescent microscope no other advanced detection
equipment is needed for the further analysis of labeled cells in vitro. Furthermore, the
observation of QD cell labeling down to single cell level provides a very good resolution.

The uneven transmission of QDs observed using time-lapse microscopy needs
further investigation. One focus could be on the interesting question whether this unequal
distribution of QDs is related to the directed distribution of cell organelles and vesicles during
asymmetric cell division of epithelial stem cells. If so, that would be an exciting feature of
QDs with regard to basic scientific questions on cell division of epithelial stem cells.
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Conclusion

Quantum dots are well suited for future tracking experiments in skin organ cultures or
even in animal experiments. Even if the particles thin out slightly due to cell proliferation
this should not be an obstacle for such ex vivo or in vivo experiments. It is likely that cells
transplanted into a tissue will no longer divide so fast but rather differentiate due to the
surrounding signals present in the tissue. Therefore, the QD label should be detectable in the
cytoplasm of the cells over a longer period of time.

In the following, our cell based in vitro evaluation of quantum dots allows for the
application of labeled human epidermal stem cells in a full-thickness human skin model ex
vivo. The successful tracing and monitoring of grafted cells and their differentiation potential
in this model may pave the way for using quantum dots as a successful, non-invasive and
efficient labeling of epidermal stem cells for in vivo applications in skin regeneration and
wound healing models.
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