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Abstract Internalization and dynamic subcellular distri-
bution of thiol-capped CdTe quantum dots (QDs) in living
cells were studied by means of laser scanning confocal
microscopy. These unfunctionalized QDs were well inter-
nalized into human hepatocellular carcinoma and rat
basophilic leukemia cells in vitro. Co-localizations of QDs
with lysosomes and Golgi complexes were observed,
indicating that in addition to the well-known endosome-
lysosome endocytosis pathway, the Golgi complex is also a
main destination of the endocytosed QDs. The movement
of the endocytosed QDs toward the Golgi complex in the
perinuclear region of the cell was demonstrated.
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Introduction

Water-soluble colloidal semiconductor quantum dots
(QDs) are a new class of fluorescent probes with excellent
optical properties. Researches have recently been focused
not only on their photoluminescence (PL) behaviors [1, 2],
but also on their biomedical applications of labeling of
cells, protein trafficking, DNA array technology, and
immunofluorescence assays [3-7]. Fluorescence labeling
and tracking of subcellular organelles and proteins are
considered as a powerful tool to reveal the mystery of
cellular activities. The sufficient brightness and photosta-
bility make QDs favorable for tracking intracellular events.

The first step for intracellular delivery of QDs is to cross
the cell membrane barrier [8—14]. It is reported that surface
functionalized QDs can effectively be internalized into
cells and ended up in endosomes/lysosomes [8, 9, 15].
Ruan et al. [14] have shown that the Tat peptide-conju-
gated QDs were initially trapped in vesicles and then
transported to the intracellular region corresponding to the
microtubule organizing center. Although water-soluble
QDs without surface bioconjugations were considered to be
difficult to enter into cells [15], the internalizations of
unfunctionalized QDs into living cells were reported [1, 2].
Recently, Nabiev et al. [16] observed that the unfunction-
alized QDs with a small size of 2.1 nm were actively
transported to the nucleus in macrophages, while QDs with
a size of 3.8 nm did not enter the nucleus.

Endocytosis is believed as the main mechanism of
intracellular delivery of QDs, but the endocytic process is
complicated with several possible pathways. Moreover, the
internalization process of a particle is a dynamic course
with various destinations [17-19]. So far, little is known
concerning the endocytic route of QDs in cells. The aim of
this study was to examine subcellular localization patterns
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of the thiol-capped CdTe QDs in living cells by means of
confocal microscopy. This report shows that QDs are
localized not only in lysosomes, but also in Golgi com-
plexes of the human hepatocellular carcinoma (QGY) and
rat basophilic leukemia (RBL) cell lines.

Experimental Details

The water-soluble thiol-capped CdTe QDs were prepared
via the modified hydrothermal route using the thiolglycolic
acid as a stabilizer [20]. Briefly, by a molar ratio of 2:1,
sodium borohydride was used to react with tellurium in
water to prepare the sodium hydrogen telluride (NaHTe).
Fresh solutions of NaHTe were diluted with N,-saturated
deionic water to 0.0467 M for further use. CdCl, (1 mmol)
and thioglycolic acid (1.2 mmol) were dissolved in 50 mL
of deionized water. Stepwise addition of NaOH solution
adjusted the precursors solution to pH = 9. Then,
0.096 mL of oxygen-free solution containing fresh NaHTe,
cooled to 0 °C, was added into 10 mL of the above pre-
cursor solution and vigorously stirred. Finally, the solution
with a faint yellow color was put into a Teflon-lined
stainless steel autoclave with a volume of 15 mL. The
autoclave was maintained at the reaction temperature
(200 °C) for a certain time and then cooled to the room
temperature by a hydro-cooling process.

The core diameter of the QDs used in this work was
around 3.5 nm with an emission peak at 601 nm as shown
in Fig. 1. The average hydrodynamic diameter of the QDs
was around 28 nm as measured by the method of dynamic
light scattering (Malvern, Autoszer 4700).

LysoTracker Green DND-26, BODIPY FL Cs-ceramide
complexed to BSA and MitoFluor Green were used as
indicators for lysosomes, Golgi complex and mitochondria,
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Fig. 1 Absorption and PL spectra of thiol-capped CdTe QDs in an
aqueous solution

respectively. The emission peaks of these indicators are all
around 511 nm.

The co-incubation of QGY (or RBL) cells with QDs and
the fluorescent marker (LysoTracker, Golgi body marker,
or MitoTracker) was carried out as follows: cells obtained
from the Cell Bank of Shanghai Science Academy were
seeded onto a glass cover slip placed in a culture dish
containing DMEM-H medium with 10% fetal bovine
serum, 100 pg mL™' streptomycin and 100 pg mL™'
neomycin. The cells were then cultured in a fully humid-
ified incubator at 37 °C with 5% CO, for their attachment
to the cover slip. When the cells reached 80% confluence,
the QD aqueous solution with a QD concentration of 50—
100 ug mL~" plus the LysoTracker (100 nM), Golgi body
marker (5 pM) or MitoTracker (100 nM) in the growth
medium were added into the culture dish [9]. The cells
were incubated for 30—60 min in an incubator before the
subcellular localization pattern of the QDs was studied.
The cells were kept at 37 °C during the microscopic
examination using a temperature controller (Olympus).

The fluorescence images of the intracellular QDs and the
markers for lysosome, Golgi complex and mitochondria
were acquired with a laser scanning confocal microscope
(Olympus, FV-300, IX71) using a 488 nm Ar" laser
(MELLES GRIOT) as the excitation source and a 60x oil
objective to focus the laser beam. The fluorescence micro-
graphs of QDs and the fluorescent marker (LysoTracker,
Golgi body marker, or MitoTracker) were recorded simul-
taneously in two channels of the microscope with a 585-640
nm bandpass filter for QDs and a 505-550 nm bandpass filter
for the fluorescent markers. Using the t-scan mode (30 s per
frame with 2.8 s exposure time) of the microscope, the
dynamic distributions of QDs, lysosomes, Golgi bodies and
mitochondria were studied.

Results and Discussion

The time-dependent fluorescence images of lysosomes
(green) and QDs (red) in RBL cells are depicted in Fig. 2.
With an incubation time of 30 min, the cytoplasm mem-
brane was stained with QDs and some QDs began to appear
inside the cells. Further, the kinetic fluorescence images
revealed that, from 30 min to 1 h, more QDs were trans-
ported into cells. From the merged image in Fig. 2c, it can
be seen that many of the lysosomes only showed the green
LysoTracker color at an early time (30 min), indicating
there were no QDs in these lysosomes; while at a later time
(55 min), most lysosomes showed a yellow color (a color
representing the mixed fluorescence from LysoTracker and
QDs), demonstrating the co-localization of QDs with these
lysosomes occurred. Same circumstances were observed for
QGY cells as well, in which more QDs were localized in
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Fig. 2 Time-dependent
fluorescence micrographs of the
distributions of lysosomes and
QDs in RBL cells. a The
distribution of lysosomes
(green), b the distribution of
QDs (red), ¢ the merged image
of (a) and (b) in which the
yellow color denotes the mixed
fluorescence from QDs and
LysoTracker, and d differential
interference contrast (DIC)
micrograph

Fig. 3 Time-dependent
fluorescence micrographs of the
distributions of Golgi
complexes and QDs in RBL
cells. a The distribution of
Golgi complexes (green), b the
distribution of QDs (red), ¢ the
merged image of (a) and (b) in
which the yellow color denotes
the mixed fluorescence from
QDs and Golgi marker, and

d DIC micrograph

lysosome at a later time (see Supporting Information,
Figure S1). Similar findings were reported by others, sug-
gesting an endosome/lysosome pathway for the endocytosis
of QDs [7, 9, 14, 15, 21].

However, Fig. 2c also reveals that there are still many
QDs showing the red color, indicating that these QDs were
localized in other sites than endosomes/lysosomes in the
cell. On the basis of the previous reports [17, 18, 22] that
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Golgi complex was also a principal intracellular destination
of internalized molecules and particles, we employed
BODIPY FL C5-ceramide complexed to BSA as the Golgi
marker to examine if QDs could be localized in Golgi
complex. The fluorescence micrographs to show the time-
dependent distributions of Golgi complex and QDs in RBL
and QGY cells are depicted in Figs. 3 and 4, respectively.
It can be seen clearly that many of the endocytosed QDs



Nanoscale Res Lett (2009) 4:606-612

609

Fig. 4 Time-dependent
fluorescence micrographs of the
distributions of Golgi
complexes and QDs in QGY
cells. a—d Images as described
in Fig. 3
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Fig. 5 Distribution of fluorescent intensity of QDs in an area co-localized with Golgi complex in a QGY cell: a 30 min and b 55 min

were gradually transported to the Golgi complexes in cells,
indicating the co-localization of QDs with Golgi bodies.
One hour later, almost all the Golgi complexes were filled
with QDs, providing evidence that the Golgi complex is
also an important terminal target of these thiol-capped
CdTe QDs. In QGY cells, with an incubation time of
55 min, the distribution of QDs shows a similar shape as
that of Golgi complexes (Fig. 4a, b). Then 55 min later,
most of the Golgi complexes were filled with QDs, dem-
onstrating that the Golgi complex is also an important
terminal target of these thiol-capped CdTe QDs.

To obtain the quantitative data of the co-localization of
QDs with Golgi complexes over time, we selected a Golgi
complex area in a QGY cell in Fig. 4 to analyze the time-
dependent fluorescence intensity of QDs using the software
of Flouview supplied by Olympus. The results are shown in
Figs. 5 and 6. It can be seen clearly in Fig. 5 that the
fluorescence intensity was much stronger at a later time.
Figure 6 shows that the fluorescence intensity increased
almost linearly during the incubation period from 30 to
55 min, demonstrating a gradual increase of the amount of
QDs transported into Golgi complexes.
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Fig. 6 Fluorescence intensity of QDs as a function of time in an area
co-localized with Golgi complex in a QGY cell

Some enlarged micrographs to show a movement of
endocytosed QDs (marked with arrow) toward the Golgi
complex in the perinuclear region of a QGY cell are
demonstrated in Fig. 7. This movement may be caused by a
microtubule-dependent transport mechanism, an active
process that is mediated by molecular motors such as
dyneins [14].

The mitochondrial localization of QDs was also studied
for RBL (Fig. 8) and QGY (see Figure S2 in Supporting
Information) cells. After 1 h incubation of QDs, only a few

mitochondria were stained with QDs, indicating that the
mitochondrion is not the main site of the QD distribution.

Conclusions

The understanding of the cellular delivery and subcellular
distribution of QDs are of particular importance for cellu-
lar labeling with QDs, especially the labeling of subcellular
compartments. Although QDs without surface bioconju-
gations were reported to be difficult to enter into cells [15],
the thiol-capped CdTe QDs used in this work could be well
internalized into living cells in vitro over a time period of
about 1 h. This is probably due to the fact that the surface
of the thiol-capped QD contains carboxylic groups, which
may function as the biological interfacing [5]. There are
complex and interconnected pathways that can carry mol-
ecules to various destinations within the endosomal system.
It is well known that the cellular delivery of QDs is med-
iated through the endocytic route with the destinations of
endosomes/lysosomes. The finding from this study shows
that in addition to the endosome-lysosome endocytosis
pathway, Golgi complex is also a main destination of the
CdTe QDs, although the mechanism is not clear yet. This
new finding not only provides information about the
delivery of intracellular QDs, but will also be important
toward the design and development of nanoparticle probes
for intracellular imaging and therapeutic applications.

Fig. 7 Active transportation of the endocytosed QDs (arrow) toward a Golgi complex in a QGY cell
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Fig. 8 Fluorescence micrographs of the distributions of mitochondria
and QDs in RBL cells after 1 h incubation. a The distribution of
mitochondria (green), b the distribution of QDs (red), ¢ the merged
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