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anotechnology is a rapidly advanc-

ing field, and an ever increasing ar-

ray of engineered nanoparticles
are finding their way into diverse industrial
applications. This development inevitably
entails an enhanced likelihood of human
exposure to engineered nanoparticles. Ow-
ing to their small size, nanoparticles can
penetrate physiological barriers, translo-
cate, and accumulate in living organisms,
and there is growing concern that exposure
to certain types of nanoparticles may have
significant adverse health effects.! There-
fore, a profound knowledge of the interac-
tions of nanoparticles with living organisms
is a prerequisite for the safe use of nano-
technology to reap its potential benefits
while limiting the associated health
hazards.

Owing to their small size (diameter <100
nm), nanoparticles are incorporated by cells
via endocytosis, a process that enables
cells to ingest materials such as proteins
that cannot penetrate the plasma mem-
brane. Endocytosis of biomacromolecules
and viruses has been investigated for many
years.?® More recently, nanoparticles have
been employed as model cargoes to study
endocytosis mechanisms** because their
size, shape, surface charge, and surface
decoration with functional groups can be
finely tuned at the atomic scale. We also
note that surface properties govern adsorp-
tion of proteins to nanoparticle surfaces,
which occurs when nanoparticles come into
contact with biological fluids in the
organism.®’ Detailed investigations of the
relationships between the physicochemical
properties of nanoparticles and the elicited
cellular uptake activity are a prerequisite to
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ABSTRACT Uptake and intracellular transport of D-penicillamine coated quantum dots (DPA-QDs) of 4 nm

radius by live HeLa cells have been investigated systematically by spinning disk and 4Pi confocal microscopies.

Unlike larger nanoparticles, these small DPA-QDs were observed to accumulate at the plasma membrane prior to

internalization, and the uptake efficiency scaled nonlinearly with the nanoparticle concentration. Both

observations indicate that a critical threshold density has to be exceeded for triggering the internalization process.

By using specific inhibitors, we showed that DPA-QDs were predominantly internalized by clathrin-mediated

endocytosis and to a smaller extent by macropinocytosis. Clusters of DPA-QDs were found in endosomes, which

were actively transported along microtubules toward the perinuclear region. Later on, a significant fraction of

endocytosed DPA-QDs were found in lysosomes, while others were actively transported to the cell periphery and

exocytosed with a half-life of 21 min.

KEYWORDS: quantum dots - endoytosis - exocytosis - live-cell imaging - uptake
mechanism - uptake inhibition - confocal microscopy

understand and control these
interactions.®~'6

Luminescent nanoparticles allow one to
visualize the uptake process and track cargo
within the cell using optical microscopy.
Owing to their small size (diameter 1—5
nm), brightness, and photostability, colloi-
dal semiconductor core/shell quantum dots
(QDs) hold great promise for applications
in biotechnology and biomedicine,'”'® es-
pecially in vivo imaging'®?° and cellular
tracking.?'~2* After synthesis, these nano-
crystals are insoluble in aqueous media. To
make them suitable for biological applica-
tions, they have to be rendered soluble and
colloidally stable in physiological solvents
by coating their surfaces with hydrophilic
groups. A range of solubilization proce-
dures have been established that however
increase the nanoparticle size to varying ex-
tents.?> Water-soluble, thiolated molecules
are among the most commonly used
ligands for this purpose.?® Recently, we
have shown that CdSe/ZnS core/shell QDs
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Figure 1. Time sequence of merged two-color confocal images of a HelLa cell exposed to DPA-QDs (green) for different times.
The plasma membrane was stained with the red membrane dye CellMask Deep Red (red). The experiment was performed un-
der live cell conditions (5% CO,, 37 °C) using a DPA-QD concentration of 10 nM. Scale bar: 10 pm.

coated with the small, zwitterionic thiol ligand
D-penicillamine (DPA-QDs) feature much improved col-
loidal stability in physiological media over the popular
11-mercaptoundecanoic acid-coated QDs.?” The small
DPA ligand adds minimally to the overall size of the
nanoparticle, and DPA-QDs resemble small protein mol-
ecules with regard to size, near-neutral charge, and
functional groups (amine and carboxylic acid groups).
In this work, we have investigated endocytosis and in-
tracellular processing of DPA-QDs in detail.

Endocytosis encompasses several distinct active cel-
lular mechanisms, which provide cells with the ability
to internalize nutrients including macromolecules and
larger particles. In general, the preference for a particu-
lar mechanism depends on the cell type. Phagocytosis,
the process by which larger particles are taken up, is
carried out by specialized cells, so-called phagocytes,
whereas pinocytosis of particles ranging from a few to
up to a few hundred nanometers occurs in virtually all
cells and is crucial for intercellular communication and
nutrient uptake. Four basic pinocytosis mechanisms are
being distinguished: macropinocytosis, clathrin- or
caveolae-mediated endocytosis, and mechanisms that
neither involve clathrin nor caveolae? A variety of in-
hibitors are known that selectively suppress certain
pathways, so that the relevance of one mechanism over
another can be studied.?®~3° Clathrin-dependent en-
docytosis is probably the best characterized uptake
mechanism, in which cargo is deposited in small en-
docytic vesicles (diameter ~ 100 nm) that fuse with
early endosomes. In these organelles, cargo is sorted
either for recycling to the cell surface or further process-
ing in late endosomes or lysosomes.*!

Previous studies of endocytosis of nanoparticles
have focused on static techniques;#¥32734 detailed in-
vestigations of uptake kinetics are still scarce.?’?? Here
we have used spinning disk and 4Pi confocal fluores-
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cence microscopy techniques to visualize the interac-
tion of small, zwitterionic QDs with cultured Hela cells
under live-cell conditions. The experiments were carried
out in buffer solutions rather than in cell culture media
to avoid specific effects of serum proteins, which are
known to interact with the nanoparticles and recep-
tors on the plasma membrane and can, thereby, mark-
edly influence nanoparticle uptake. Although optical
microscopy offers only limited resolution as compared
to transmission electron microscopy, it has the key ad-
vantage that it allows nanoparticle interactions with liv-
ing cells to be studied in real time. Thus, we have been
able to measure the kinetics of particle uptake, distin-
guish cell membrane association from cellular incorpo-
ration, analyze uptake pathways, and observe traffick-
ing of the nanoparticles to subcellular compartments.

RESULTS

Hela Cell Exposure to DPA-QDs. To observe binding of
DPA-QD:s to live Hela cells and their subsequent inter-
nalization, we incubated cells with PBS solutions con-
taining 10 nM DPA-QDs. These nanoparticles, which
were characterized thoroughly in an earlier paper,?’
have a radius of ~4 nm and a zeta potential of —40
mV. Spectra and fluorescence images of these nanopar-
ticles are included as Supporting Information (Figure
S1). We imaged the cells during DPA-QD exposure for
typically 1 h by using spinning disk confocal microscopy
with detection in two separate spectral channels. Fig-
ure 1 shows, as an example, fluorescence images for se-
lected times after QD exposure. Membranes and DPA-
QDs are depicted in red and green, respectively, so that
colocalization of membrane dye and DPA-QDs is seen
in yellow color in the overlay image. DPA-QDs appeared
at the cell membrane within 1 min after incubation
and gradually accumulated there afterward. Inside the
cell, however, the first few small bright spots appeared
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near the cell periphery 3 min after incubation. Subse-
quently, more and more DPA-QDs were internalized by
the cell and transported to the perinuclear region,
where they formed large clusters within 1 h of incuba-
tion. Although the membrane dye, which primarily
stains the plasma membrane and vesicles derived from
the plasma membrane,*> bleaches significantly during
the experiment, many yellow-green dots are present in
Figure 1, which indicates colocalization of DPA-QDs
and membrane dye. This observation suggests that the
internalized DPA-QDs are trapped in endosomal
vesicles.

We also studied the response of live Hela cells to dif-
ferent concentrations of DPA-QDs. Confocal images
after 1 h incubation with 10, 3, and 1 nM DPA-QDs, re-
spectively, are shown in Figure 2a—c. Obviously, the
amount of DPA-QDs both at the plasma membrane and
inside the cell was lowered with decreasing particle
concentration. At 1 nM DPA-QDs, only very few nano-
particles were observed in the interior of the cells. We
obtained information about the membrane-associated
and internalized fractions by quantitative image analy-
sis. In Figure 2d, the integrated fluorescence intensity,
normalized to the cross sectional area in the observa-
tion plane, is shown separately for the plasma mem-
brane and the cell interior. This quantity captures the
fluorescence intensity of all particles contributing
within the spectral window including those that es-
cape detection as individual spots.

At 10 nM DPA-QD concentration, about equal
amounts of nanoparticles were associated with the cell
membrane and within the cells after 1 h. With decreas-
ing nanoparticle concentration, however, the intracellu-
lar fraction decreased much more strongly than the
membrane-associated part. This result was further sup-
ported by kinetic analysis (Figure 2e). The membrane-
associated fraction (upper panel) saturated on the hour
time scale, whereas the intracellular fraction (lower
panel) increased approximately linearly in time. The up-
take rate (slope in panel e) scales nonlinearly with the
QD concentration; it is ~5-fold lower at 3 nM (blue dots)
and ~30-fold lower at 1 nM (red dots) than at 10 nM
DPA-QDs (black dots). Consequently, internalization of
small DPA-QDs of 4 nm radius depends strongly on the
amount of nanoparticles binding to the cell mem-
brane. At a concentration of 10 nM DPA-QDs, strong ac-
cumulation on the membrane within the first few min-
utes was accompanied by fast, continuous
internalization of nanoparticles, whereas internaliza-
tion of nanoparticles was barely detectable after 1 h ex-
posure to 1 nM DPA-QD solutions.

Mechanisms Involved in the Internalization of DPA-QDs by
Hela Cells. To gain insight into the relative importance
of the different endocytosis pathways of Hela cells, we
studied the effect of inhibitors that interfere with par-
ticular uptake mechanisms. Representative confocal im-
ages are shown in Figure 3a—d. Dynasore acts as a spe-
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Figure 2. Dose-dependent uptake of DPA-QDs by Hela cells. Confocal
images of Hela cells after 1 h exposure to PBS solutions containing
DPA-QDs at concentrations of (a) 10, (b) 3, and (c) 1 nM. Scale bar: 10
m. (d) Dose-dependent uptake of DPA-QDs by Hela cells after 1 h in-
cubation, as determined by quantitative analysis of membrane associ-
ated (dark gray bar) and intracellular (light gray bar) fluorescence. Re-
sults are averages of three different experiments with altogether 15
cells. (e) Kinetics of nanoparticle association with HeLa cells at 10
(black), 3 (blue), and 1 nM (red) DPA-QDs. Membrane-associated (up-
per panel) and intracellular (lower panel) regions were analyzed sepa-
rately for 3—6 cells each in three different experiments.

cific inhibitor of endocytic pathways that depend on
the protein dynamin, a large GTPase forming a helix
around the neck of a nascent endocytic vesicle. GTP hy-
drolysis results in an axial extension of this helix, cleav-
ing the vesicle’s neck from the parent membrane. Appli-
cation of dynasore to cells suppresses the function of
dynamin and, consequently, all dynamin-dependent
endocytosis pathways, including clathrin- and caveolin-
mediated endocytosis. Comparison of DPA-QD uptake
in the absence (Figure 3a) and presence (Figure 3b) of
dynasore reveals that internalization is strongly sup-
pressed by dynasore. However, membrane association
is hardly affected. These observations are corroborated
by the quantitative analyses in Figure 3e,f. In the control
experiment (Figure 3e), about half of the nanoparticles
were internalized by the cells, and the other half were
associated with the cell membrane. After the addition
of dynasore, we found that internalization of DPA-QDs
was significantly suppressed to ~30%, whereas the
membrane-associated part was not affected at all (Fig-
ure 3f). Therefore, we conclude that ~70% of the DPA-
QDs are internalized via a dynamin-dependent path-
way. To further clarify the internalization mechanism,
we also applied chlorpromazine to the cells (Figure 3c),
a cationic, amphiphilic drug that inhibits clathrin assem-
bly at the plasma membrane.>’ Clathrin forms a polyhe-
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Figure 3. Effect of inhibitors on the uptake of DPA-QDs by Hela cells. Confocal images of Hela cells after 1 h incubation
with 10 nM DPA-QDs (a) without inhibitor (control), in the presence of (b) dynasore, (c) chlorpromazine, and (d) under K*
depletion. Scale bar: 10 um. (e) Total uptake of DPA-QDs by Hela cells after 1 h incubation, as determined by quantitative im-
age analysis (black bar) and separation into membrane-associated (dark gray bar) and internalized nanoparticles (light gray
bar). (f) Effect of inhibitors on the uptake of DPA-QDs by Hela cells, averaged from 15 cells in three different experiments.
(g) Effect of dynasore (blue) and chlorpromazine (red) on the uptake kinetics of DPA-QDs by Hela cells relative to control
(black). Total uptake (upper panel), membrane-associated (middle panel), and internalized fraction (lower panel) were ana-
lyzed separately. Kinetic traces are averages from 3 to 6 cells in three different experiments.

dral lattice that coats the endocytic vesicle. Addition of
chlorpromazine not only significantly suppressed the
internalization of DPA-QDs to 30% but also suppressed
the membrane-associated part (70%) (Figure 3f). Com-
paring the extent of suppression of internalized DPA-
QDs induced by dynasore and chlorpromazine, we con-
clude that internalization of DPA-QDs occurs
predominantly via clathrin-dependent endocytosis. To
further strengthen this conclusion, we also examined
uptake of DPA-QDs under conditions of potassium
depletion (Figure 3d), which also interferes with
receptor-mediated endocytosis by arresting clathrin-
coated pit formation.>?® Potassium depletion was found
to result in a suppression of nanoparticle internaliza-
tion highly consistent with that induced by chlorprom-
azine (Figure 3).

The effect of dynasore (blue dots) and chlorprom-
azine (red dots) on the kinetics of DPA-QD uptake is
compared with the control experiment (black dots) in
Figure 3g. The kinetics of membrane association was
hardly affected by the inhibitors, particularly during the
first 1000 s (Figure 3g, middle panel); only the satura-
tion level was a bit lower for chlorpromazine. However,
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internalization of DPA-QDs was almost completely
blocked during the first ~800 s after incubation in the
presence of either chlorpromazine or dynasore (Figure
39, lower panel), and, subsequently, a similar increase of
the intracellular population, approximately linear in
time, was observed. These findings lend further cre-
dence to our claim that endocytosis of DPA-QDs oc-
curs mainly by a clathrin-mediated mechanism.

We used 4Pi confocal imaging, a technique that of-
fers ~5-fold better axial resolution (~100 nm) than con-
ventional confocal microscopy, to investigate struc-
tural changes at the plasma membrane upon
interaction with DPA-QDs and inhibitors. Quite differ-
ent effects were observed in the presence of dynasore
(Figure 4a—c) and chlorpromazine (Figure 4d—f). With
dynasore, we observed extensive colocalization of
membrane structures and nanoparticles (Figure 4c,
white arrow), whereas such an effect was absent with
chlorpromazine (Figure 4f). These observations can be
understood on the basis of the different effects by
which these two drugs suppress nanoparticle internal-
ization. Chlorpromazine disturbs membrane invagina-
tion and vesicle formation, and therefore, nanoparticle
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Figure 4. 4Pi confocal images of HeLa cell membranes in the presence of DPA-QDs and inhibitors. Cells were incubated for
1 h with 10 nM DPA-QDs (green) in the presence of dynasore (a—c) or chlorpromazine (d—f). The plasma membrane was

stained with DiD (red). Scale bar: 0.5 pm.

clusters are retained at the cell surface. Dynasore does
not suppress invagination and wrapping of nanoparti-
cles but inhibits dynamin action and, thereby, prevents
the release of completely formed clathrin-coated pits
into the cytosol. In Figure 4c (yellow arrow), a spot is
seen that stands outside of the cell that may represent
a macropinocytosis vesicle. To verify the involvement of
macropinocytosis to the internalization of DPA-QDs,
5-(N-ethyl-N-isopropyl)amiloride (EIPA) was applied to
the cells, which inhibits macropinocytosis by specific in-
hibition of the Na*/H* antiporters in the cell
membrane 3%394° Quantitative analysis of spinning disk
microscopy images revealed a suppression of DPA-QD
internalization by ~25% (Supporting Information, Fig-
ure S2), implying that macropinocytosis also plays a sig-
nificant role in the uptake of DPA-QDs. We further in-
spected a large number of fixed Hela cells that had
been exposed to nanoparticles after EIPA treatment by
using 4Pi confocal imaging. We failed to observe a fea-
ture such as the one in Figure 4c (yellow arrow) under
these conditions.

Active Transport and Processing of Internalized DPA-QDs. We
tracked the motions of endocytosed DPA-QDs within
the cells by time-lapse acquisition of images every 3 s.
Most bright green objects, which correspond to
nanoparticle-loaded vesicles, translocated from the cell
periphery to the perinuclear region in a steady motion.
Such a behavior is expected for active vesicle transport
by motor proteins along microtubules. Figure 5a shows
a typical trajectory together with the analysis of the dis-
tance traveled (Figure 5b, black squares) and the corre-
sponding velocity (Figure 5¢, black squares) as a func-
tion of time. In Figure 5b and ¢, data from other
trajectory analyses are also included in different colors.
Active transport proceeded for a few micrometers until
the vesicles stalled or disappeared, either due to de-
tachment of the motors from microtubules or, possi-
bly, escape of the vesicle from the focal plane. The
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transport velocities ranged from 0 — 0.4 wm/s (Figure
5d, cyan distribution). The average velocity of 0.27 +
0.07 wm/s is lower than the reported velocities of (0.7
+ 0.07 wm/s)*! for dynein-mediated active transport in
vitro and the values for active transport of peptide-
conjugated QDs in Hela cells (~1 wm/s)*>? but consis-
tent with transport velocities of melanosomes* and
QD-receptor complexes? in living cells. Evidently, the
velocity of active DPA-QD transport in Hela cells de-
pends on the availability of ATP. In our experiments, the
cells were immersed in PBS solution, so that the ATP
concentration and, concomitantly, the velocity of ac-
tive transport must decrease over time for lack of nutri-
ents. Indeed, if the Hela cells were starved by incubat-
ing with PBS for 1 and 3 h prior to nanoparticle
application, the (average) velocities decreased to 0.25
=+ 0.06 (Figure 5d, gray bars) and 0.20 = 0.04 wm/s (Fig-
ure 5d, pink bars), respectively.

After ~1 h of incubation with DPA-QDs, more and
more loaded vesicles were observed to migrate back
to the cell periphery (Figure 6a). Distances traveled and
the corresponding velocities are shown as a function
of time in Figure 6 panels b and ¢, respectively. These
velocities range from 0.1—0.3 wm/s, the average is 0.23
+ 0.05 wm/s (Figure 6d, cyan bars). If the HelLa cells
were preincubated with PBS for 1 or 3 h prior to the in-
cubation with DPA-QDs, the average velocities were
lower, 0.21 £ 0.06 (gray bars) and 0.19 = 0.06 wm/s
(pink bars), respectively, as expected due to ATP
depletion.

To further characterize the transport mechanism,
we preincubated Hela cells with the cytoskeleton-
disrupting drugs nocodazole and cytochalasin D. Appli-
cation of the microtubule-disrupting nocodazole led to
a reduced presence of DPA-QDs inside the cell, espe-
cially in the perinuclear region (Figure 7a). Quantitative
image analysis revealed a reduction of uptake by two-
thirds (Figure 7c); membrane association of nanoparti-
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Figure 5. Active transport of DPA-QD loaded vesicles inside live HeLa cells from the cell periphery to the perinuclear re-
gion. (a) The area marked by the white box in the firstimage is expanded in a time series showing the movement of a vesicle.
The trajectory is marked by a white line in the first expanded image (scale bar: 5 um). (b) Distance and (c) velocity versus
time diagrams for several DPA-QD vesicles moving from the cell periphery toward the nucleus. The black squares repre-
sent data from the vesicle shown in panel a. A few data points are marked with “+" to indicate transport in the reverse di-
rection. (d) Histogram of (forward) velocities after preincubation with PBS for 5 min (cyan bars), 1 h (gray bars), and 3 h (pink

bars).

cles was affected only to a lesser extent. In the pres-
ence of nocodazole, the trajectories of DPA-QD loaded
vesicles exhibited frequent pauses and direction rever-
sals (Figure 7d). These observations indicate that
DPA-QD loaded vesicles were transported from the pe-
riphery to the perinuclear region by microtubule-based
dyneins.*' Application of cytochalasin D, which inhibits
F-actin polymerization, led to strong suppression of
DPA-QD internalization, which is apparent from confo-
cal images (Figure 7b) and their quantitative analysis
(Figure 7c). The pronounced effect of cytochalasin D on
DPA-QD uptake underscores the key role of the actin
cytoskeleton in the endocytic machinery.*

To gain information about the fate of internalized
DPA-QDs within Hela cells, DPA-QDs were co-
incubated with labeled transferrin (Figure 8a—c). Trans-
ferrin is internalized via clathrin-mediated endocyto-
sis’ and widely used as an endosomal marker. Similar
patterns are observed upon staining with DPA-QDs
(Figure 8a) and fluorescently labeled transferrin (Figure
8b). The yellow spots in the merged image (Figure 8¢)
reveal extensive colocalization, which shows that the in-
ternalized DPA-QDs reside within endosomes. We also
incubated Hela cells with DPA-QDs and LysoTracker, a
specific marker of lysosomes. In images taken 1.5 h
after nanoparticle exposure (Figure 8d—f), colocaliza-
tion with LysoTracker is clearly visible from the yellow
spots in the merged image (Figure 8f), showing that the
internalized DPA-QDs also end up in lysosomes.

N
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To study exocytosis of internalized DPA-QDs, Hela
cells were first exposed to 10 nM DPA-QD solution for
1.5 h. Subsequently, the cells were washed and incu-
bated with fresh cell medium. A time series of z-stacks
was recorded with the spinning-disk confocal micro-
scope. The loss of the intracellular nanoparticle popula-
tion after solution exchange was analyzed to yield the
exocytosis kinetics (Figure 8g). The exocytosed fraction
increased with a half-life of 21 min and reached satura-
tion after ~2 h. A little more than half the initially inter-
nalized DPA-QDs were again expelled by the cells.

DISCUSSION AND CONCLUSIONS

We have investigated the interaction of small DPA-
QDs of 4 nm radius with live Hela cells, including their
binding to the cell membrane, mechanisms of internal-
ization, trafficking within the cell and exocytosis (Fig-
ure 9). The brightness and photostability of DPA-QDs
greatly facilitated our long-term observations. A sub-
stantial fraction of the cellular fluorescence is due to
nanoparticles that are not internalized but only at-
tached to the cell membrane. In this case, fluorescence
imaging offers clear advantages over techniques that
integrate over entire cells such as fluorescence-assisted
cell sorting (FACS)."

The majority of DPA-QD nanoparticles were endocy-
tosed via the clathrin-mediated pathway, as seen from
the suppression of internalization by almost 70% upon
dynasore and chlorpromazine application or depletion
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Figure 6. Active transport of DPA-QD loaded vesicles inside live HeLa cells toward the cell periphery. (a) The area marked
by the white box in the first image is expanded in a time series movement of two vesicles. The trajectories are marked by
white lines in the first expanded image (scale bar: 5 pm). (b) Distance and (c) velocity versus time diagrams for several
DPA-QD vesicles. The black and gray squares represent data from the two examples shown in panel a. (d) Histogram of ve-
locities for experiments with preincubation with PBS for 5 min (cyan bar), 1 h (gray bar), and 3 h (pink bar).

of intracellular K*. Clathrin-mediated endocytosis is ad-
ditionally supported by colocalization of the internal-
ized DPA-QDs with fluorescently labeled transferrin, a
classic marker of clathrin-mediated endocytosis. Unlike
dynasore or K* depletion, both of which do not affect
binding to the cell membrane, application of chlorpro-
mazine weakly decreases the amount DPA-QDs on the
cell membrane. This observation may be related to the
known effect of chlorpromazine, which suppresses the
formation of clathrin-coated pits on the cell surface.
Thus, reduced nanoparticle binding may result from
the overall smaller surface area of the plasma mem-
brane. The pronounced difference in the plasma mem-
brane structure upon application of dynasore and chlor-
promazine is obvious from the high resolution 4Pi
confocal images (Figure 4). A smaller fraction of DPA-
QDs enters the cells via macropinocytosis, as shown by
application of the specific inhibitor EIPA and further
supported by 4Pi confocal imaging of nanoparticle-
membrane structures that may represent macropinocy-
tosis vesicles (Figure 4).

Www.acsnano.org

The observed accumulation of DPA-QDs on the cell
membrane (Figure 1) differs dramatically from results
obtained with larger nanoparticles (radius ~ 50 nm) in-
ternalized by living cells, which were also internalized
by clathrin-mediated endocytosis but did not at all ac-
cumulate on the cell membrane." In general, internal-
ization is initiated by nanoparticle binding to receptors
in the cell membrane, which then trigger the assembly
of cytoskeletal structures that generate the force re-
quired to locally wrap the membrane around the nano-
particle.*> Once a nanoparticle attaches to the mem-
brane, more and more receptors diffuse into the
binding site and bind to the nanoparticle, so that the
membrane wraps around the nanoparticle. This process
continues until the nanoparticle is entirely engulfed by
the membrane. Receptor-mediated endocytosis
strongly depends on the nanoparticle size; the optimal
radius was reported to be ~25 nm.>* For very small
nanoparticles such as our DPA-QDs with a radius of 4
nm, complete wrapping can only occur if a sufficiently
large cluster of nanoparticles are packaged in one
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vesicle. In our previous experiments,'? large nanoparti-
cles were not observed at the cell membrane. Appar-
ently, receptor diffusion is sufficiently fast so that com-
plete wrapping occurs within less than a second. Small
nanoparticles, however, first attach to the cell mem-
brane but then they cannot be taken up individually.
Only if a critical density is reached locally, can wrapping
of an entire cluster proceed to completion. This conclu-
sion is further supported by the dose-dependent up-
take experiments shown in Figure 2. Whereas the
membrane-associated fraction scaled with the nanopar-
ticle concentration within the experimental error, the
amount of internalized nanoparticles decreased much
more strongly, and at 1 nM DPA-QD concentration, in-
ternalization was barely observed during 1 h of
incubation.

Internalized DPA-QDs were found trapped in endo-
somes, which were actively transported along microtu-
bules, as verified by treatment of the cells with nocoda-

METHODS

Nanoparticle Preparation and Characterization. DPA-QDs were pre-
pared as previously reported.?” Briefly, CdSe/ZnS core/shell
QDs were synthesized in organic solvent prior to ligand ex-
change with DPA, yielding watersoluble zwitterionic nano-
particles. The fluorescence emission spectrum of the DPA-
QDs showed a peak at 591 nm (SPEX Fluorolog Il, Horiba
Jobin Yvon, Edison, NJ); a hydrodynamic radius of (4.0 = 0.3)
nm was determined by fluorescence correlation spectros-
copy using a home-built setup.” The zeta potential of the
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Figure 8. Intracellular fate of internalized DPA-QDs. (a—c)
Hela cells were incubated with AlexaFluor 647 labeled trans-
ferrin for 30 min, washed, and incubated with DPA-QDs for
another 40 min. Green and red spots show the intracellular
distribution of DPA-QDs and transferrin-containing endo-
somes, and the yellow spots in the merged image indicate
colocalization of DPA-QDs with endosomes. (d—f) HelLa cells
were incubated with 10 nM DPA-QDs for 30 min, washed, in-
cubated with the lysosomal marker LysoTracker Green DND
26 for another 1 h. Green and red spots show the intracellu-
lar distribution of DPA-QDs and lysosomes, and the yellow
spots in the merged image indicate colocalization of DPA-
QDs and lysosomes. (g) Kinetics of exocytosis of DPA-QDs af-
ter replacing the external solution by cell medium.

zole (Figure 7). DPA-QD loaded vesicles were actively
transported from the periphery to the perinuclear re-
gion by dynein motors, with typical trajectory lengths
of >3 pum. A significant fraction of internalized DPA-
QDs was found to end up in lysosomes (Figure 6), but
about one-half of the DPA-QDs were actively trans-
ported to the periphery and again excreted by the cells,
as shown by kinetic experiments after uptake
saturation.

DPA-QDs was determined at 25 °C by using a Malvern Zeta-
sizer Nano ZS (Worcestershire, UK).

Live Cell Confocal Imaging. HeLa cells were cultured in Dulbec-
co’s modified eagle medium (DMEM), supplemented with 10%
fetal bovine serum, 100 U of penicillin, and 100 pg/mL strepto-
mycin in a humidified incubator at 37 °C and 5% CO,, and were
seeded in eight-well LabTek chambers (Nunc, Langenselbold,
Germany) at a density of 8000 cells per well. Cells were allowed
to adhere overnight before they were rinsed 3 times with phos-
phate buffered saline (PBS). Cell membranes were stained with
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Figure 9. Schematic diagram illustrating the key steps involved in DPA-QD uptake, active transport, and intracellular fate.
The uptake process starts with binding of DPA-QDs to the plasma membrane, leading to internalization mainly via (a) the
clathrin-mediated endocytosis machinery and (b) to a lesser part by macropinocytosis. Clathrin-mediated uptake is followed
by active transport of the DPA-QDs, which reside in early endosomes, which develop into late endosomes and finally lysos-
omes. About half of the internalized DPA-QDs were again exocytosed by the cell.

0.25 pg/mL CellMask Deep Red (Invitrogen, Carlsbad, CA) in
PBS for 5 min and washed 3 times with 250 p.L of PBS. For nano-
particle uptake experiments, cells were incubated with 250 pL
of DPA-QDs at a concentration of 10 nM in PBS by solution ex-
change unless stated otherwise. The cells were imaged over 1 h
in intervals of 3 s using a spinning disk confocal laser microscope
assembled from individual components.*’ The instrument is
based on an inverted microscope (Axio Observer, Zeiss, Gottin-
gen, Germany) with CO, and temperature control (37 °C and 5%
CO, PECON, Erbach, Germany), four solid-state lasers for excita-
tion (405, 473, 532, and 637 nm), a CSU10 scan head (Yokogawa,
Tokyo, Japan), an image splitter unit (OptoSplit II, Cairn Re-
search, Faversham, UK) and an EMCCD camera (DV-887, Andor,
Belfast, UK). Images were taken in two spectral channels. Nano-
particles were excited at 532 nm and observed through a band-
pass filter (HQ 585/80, AHF, Tuibingen, Germany). The red mem-
brane dye was excited at 637 nm, and the emission was filtered
through a long-pass (FF01-635/LP, AHF).

Image Analysis. For the quantitative analysis of nanoparticle up-
take, we acquired dual-color images of confocal cross sections
at about half the cell height. By using custom-written software
developed in MATLAB (The MathWorks, Natick, MA), we analyzed
the sections as described previously.' Briefly, binary masks were
generated for both the membrane-associated regions as well as
the intracellular space, based on the image of the stained mem-
brane in the red channel. A Sobel filter*® was used for edge de-
tection before a convex shell was generated around the cell and
refined using gradient vector flow fields.® Finally, the binary
masks of the membrane-associated region and the intracellular
space were applied to the green image of the nanoparticles. An
average background was subtracted before normalization by the
cell's cross-sectional area. To quantify the uptake kinetics, time
series were analyzed with the whole-cell mask, correcting each
image for its individual background. For the quantitative analy-
ses of nanoparticle uptake within 1 h, shown in the bar graphs,
the initial cellular autofluorescence was subtracted.

Inhibitor Studies. Prior to DPA-QD exposure, cells were incu-
bated with an inhibitor solution (80 wM dynasore, 50 wM chlor-
promazine, 100 uM EIPA, 5 wM cytochalasin D, or 33 uM nocoda-
zole, all from Sigma-Aldrich) in 250 L of PBS for 30 min.
Afterward, the cells were exposed to a solution containing the
same inhibitor concentration plus 10 nM DPA-QDs. Potassium
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depletion experiments were performed using potassium-free
buffer (100 mM NaCl, 50 mM HEPES, pH 7.4).22® After washing
the Hela cells 3 times with 250 p.L of hypotonic buffer
(potassium-free buffer diluted with water 1:1) and incubation
with this solution for 5 min, cells were washed and further incu-
bated with undiluted potassium-free buffer for another 25 min.
Finally, the buffer was exchanged for 250 pL of buffer solution
containing 10 nM DPA-QDs.

Intracellular Transport Studies. The effect of serum-free environ-
ment was studied by incubating Hela cells with PBS for 0, 1,
and 3 h before exchange of the buffer to PBS with 10 nM DPA-
QDs. The analysis of intracellular localization and tracking of
DPA-QDs was carried out manually using NIH image J software.

Colocalization and Exocytosis Studies. For testing DPA-QD colocal-
ization with endosomes by two-color spinning disk confocal mi-
croscopy, cells were incubated with 100 nM AlexaFluor 647-
labeled transferrin for 30 min. After 3 times washing with PBS,
cells were incubated with 10 nM DPA-QDs for another 40 min
prior to imaging. Labeled transferrin was excited at 637 nm and
imaged through a FF01-635/LP (AHF) emission filter. Colocaliza-
tion with lysosomes was examined with cells prepared by incu-
bation with 10 nM DPA-QDs for 30 min, 3 times washing with
PBS, and further incubation with 100 nM LysoTracker Green DND
26 (Molecular Probes, Invitrogen) in PBS for 1 h. LysoTracker fluo-
rescence was excited at 473 nm and imaged through an emis-
sion filter HQ 502/40 (AHF).

For studies of exocytosis, cells were first incubated with 10
nM DPA-QDs in PBS for 1.5 h to achieve a substantial nanoparti-
cle uptake. Then, the cells were washed 3 times with PBS and
supplied with fresh cell medium (DMEM). Series of z-stacks with
axial distances of 0.2 um were recorded on the spinning disk
confocal microscope using a dwell time of 0.8 s per frame. 3D im-
ages were processed and analyzed using the image processing
software IMARIS (Bitplane, Zurich, Switzerland). The fraction of
exocytosed QDs was calculated from the loss of intracellular fluo-
rescence after solution exchange.

4Pi Confocal Imaging. 4Pi confocal microscopy was performed
with a commercial instrument (Leica TCS 4Pi, Leica Microsys-
tems, Mannheim, Germany) to investigate the uptake of DPA-
QDs by Hela cells treated with dynasore or chlorpromazine. Cir-
cular quartz coverslips (Leica) were incubated with 1 mL of 50
wrg/mL-buffer solution of fibronectin at 37 °C for 1 h. Hela cells
(60000) were grown on modified quartz overnight at 37 °C and
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5% CO,. After serum depletion by 3 times washing with PBS,
cells were exposed to dynasore, chlorpromazine, or EIPA in PBS
(1 mL each) for 30 min and incubated for another 1 h with T mL
of inhibitor solution containing 10 nM DPA-QDs. Membranes
were stained with 5 wg/mL DiD (Invitrogen) for 1 min by add-
ing DiD from a concentrated stock solution. Cells were fixed with
1 mL of 4% paraformaldehyde dissolved in PBS and postfixed in
1 mL of 50 mM ammonium chloride. After washing twice with
PBS, samples were held in a mixture of 90% glycerol in PBS be-
tween two quartz coverslips. Dual-color 4Pi images were ac-
quired with two-photon excitation at 850 nm for both the DPA-
QDs and the membrane stain DiD; fluorescence was collected
through emission filters 535—560 nm and 647 —703 nm, respec-
tively. Side-lobe artifacts were removed from the 4Pi images by
one-dimensional linear three-point deconvolution using Leica
software.
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