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emiconductor nanocrystals, or quantum
dots (QDs), are powerful and versatile
fluorescent probes for biomedical imag-

ing and diagnostics, particularly for long-
term, multiplexed, and quantitative detec-
tion.'* The wide adoption of QDs as imaging
tools in biology and medical research stems
from the fact that they readily penetrate
into cells without losing their unique photo-
physical properties, in particular, their size-
tunable emission, high quantum yield, broad
absorption spectrum, and resistance to
photobleaching.>~” Although successful
application of in vivo imaging of QDs has
been demonstrated in several animal mod-
els, their transition in human medicine is
hampered by issues related to the safety of
human exposure to QDs, since they gener-
ally contain highly toxic elements, such as
cadmium, tellurium, and selenium.2~° One
fears that upon long-term sequestration in
the liver, kidney, and other organs, QDs will
gradually lose their protective cap causing
toxic core components to be progressively
released."’ The ambivalence surrounding
the potential use of QDs in nanomedicine
has prompted intensive efforts directed to-
ward the development of cadmium-free
and alternative “safe” QDs."? Concerns over
QD accumulation in vivo have additionally
stimulated research aimed at elucidating
the processes associated not only with their
cellular uptake and intracellular fate but also
with their eventual exit from the cells.'>~"*
Recent investigations into the nature of
the relationship between cellular uptake
and physicochemical properties of QDs in-
dicate that, in the absence of specific inter-
actions, the entry of nanoparticles into cells
and their cytosolic access are primarily gov-
erned by three factors: size, shape, and sur-
face charge."”~'? Surface properties at the
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ABSTRACT In order to better understand nanoparticle uptake and elimination mechanisms, we
designed a controlled set of small, highly fluorescent quantum dots (QDs) with nearly identical
hydrodynamic size (8—10 nm) but with varied short ligand surface functionalization. The properties
of functionalized QDs and their modes of uptake and elimination were investigated systematically by
asymmetrical flow field—flow fractionation (AF4), confocal fluorescence microscopy, flow cytometry
(FACS), and flame atomic absorption (FAA). Using specific inhibitors of cellular uptake and
elimination machinery in human embryonic kidney cells (Hek 293) and human hepatocellular
carcinoma cells (Hep G2), we showed that QDs of the same size but with different surface properties
were predominantly taken up through lipid raft-mediated endocytosis, however, to significantly
different extents. The latter observation infers the contribution of additional modes of QD
internalization, which include X-AG cysteine transporter for cysteine-functionalized QDs (QD-CYS).
We also investigated putative modes of QD elimination and established the contribution of
P-glycoprotein (P-gp) transporter in QD efflux. Results from these studies show a strong dependence
between the properties of QD-associated small ligands and modes of uptake/elimination in human
cells.

KEYWORDS: quantum dot - human Hep G2 - QD uptake - QD elimination -
P-glycoprotein - asymmetrical flow-field-flow fractionation

nanoscale strongly influence not only specific
modes of internalization and subsequent
subcellular localization, but also molecular
and biological processes, including cell divi-
sion and differentiation, ultimately dictating
cellular fate.>°~22 It was also shown that QD
internalization can only occur if the concen-
tration of QDs at the plasma membrane is
sufficient.”® The initial contact of QDs with
cells, namely, their interactions with the
lipid bilayer and the surface proteoglycans,
is controlled by the QD charge and con-
centration.?* Since the proteoglycans are
negatively charged, positively charged QDs
are attracted toward the cell membrane by
electrostatic interactions and accumulate
readily at the plasma membrane, permitting
internalization. Neutral or negatively charged
QDs are only weakly bound to the lipid
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Figure 1. Proposed modes of QD uptake and elimination. (A) Schematic representation of the investigated modes of QD
uptake and elimination by (1) lipid raft endocytosis, (2) X-AG cysteine transporter, and (3) P-glycoprotein (P-gp).
Pharmacological inhibitors and activators are indicated. (B) Diagram of representative QD structures and list of abbreviations

used.

bilayer and thus are less readily taken up.?® Given their
size (4—5 nm in radius), QDs cross the plasma mem-
brane primarily through pinocytosis, a distinct set of
endocytosis mechanisms, chiefly responsible for the
uptake of cell nutrients and other small particles
(<100 nm). The contribution of each endocytosis path-
way can be assessed using inhibitors that suppress
specific internalization processes.> 2’ Many studies
aimed at tracking the fate of internalized QDs by
fluorescence imaging have revealed the preferential lo-
calization of QDs into lysosomes, a common terminus of
several endocytic pathways. During uptake, QDs are
internalized into endocytic vesicles which fuse with early
endosomes and subsequently with late endosomes
and lysosomes.?®2° These observations, together with
evidence from inhibitor-based mechanistic studies,
suggest that QDs are primarily internalized via lipid
raft/caveolae and clathrin-dependent endocytosis.?® Early
endosomes which contain QDs have also been ob-
served to traffic back to the plasma membrane in a pro-
cess which likely contributes to the QDs' exocytosis.?®
There is no consensus as yet on which of the specific
processes leads to cytosolic release of QDs and on the
possible involvement of exocytic mediators.

We report here the results of a mechanistic study of
the cellular entry/exit pathways of QDs having the
same CdSe(CdZnS) core coated with one of four dif-
ferent short ligands, such that their hydrodynamic
diameters were nearly identical (8—10 nm). Cellular
uptake experiments were performed in two human
model cell lines: human embryonic kidney cells (Hek 293)
and human hepatocellular carcinoma cells (Hep G2).
These cell lines are particularly relevant to internaliza-
tion and exocytosis studies as injected QDs tend to
accumulate preferentially in the kidneys and liver of
treated animals.>® QD internalization was observed by
confocal fluorescence microscopy. The extent of QD
uptake was estimated by plate-based fluorometry,
flow cytometry (FACS), and analysis of intracellular
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cadmium concentrations using flame atomic absorp-
tion (FAA). To investigate the role of specific modes of
QD entry and export, experiments were carried out in
the presence or absence of a number of pharmaco-
logical inhibitors and activators. We focused on QDs
functionalized with cysteine ligands (QD-CYS) and
compared their internalization via the X-AG cysteine
transport system and lipid rafts, with that of three other
QDs.>" 33 To investigate the role of lipid raft-mediated
endocytosis, methyl 5-cyclodextrin (MBCD) was used
due to its tendency to sequester cholesterol from the
plasma membrane, thus disrupting the structure and
function of lipid rafts.* In view of its high rate and
broad substrate range, the P-glycoprotein (P-gp) trans-
porter is likely to be involved in QD elimination.>* To
assess the potential role of P-gp in QD elimination,
we used two pharmacological agents, elacridar and
rifampin, a P-gp inhibitor and a P-gp inducer,
respectively.>3” The types of QDs employed and the
uptake/elimination mechanisms probed are depicted
schematically in Figure 1. This study has uncovered
significant differences in the extent and mode of QD
uptake/elimination, depending on the surface prop-
erties of the QD types tested. It also provides strong
evidence for the involvement of the P-gp transporter
in the release of QDs from cells.

RESULTS AND DISCUSSION

Preparation and Characterization of the QDs (Figure 2 and
Table 1). All QDs were synthesized from a single batch
of hydrophobic CdSe(CdZnS) nanoparticles with an
average radius of 2.4 nm determined by transmission
electron microscopy (TEM) (Figure 2A, left panel), by
ligand exchange using either mercaptopropionic acid
(MPA), dihydrolipoic acid (DHLA), t-cysteine (CYS), or
cysteamine (CA).28*°

Anionic ligands (MPA, DHLA) were efficient in keep-
ing the QDs suspended in conditions of physiological
pH and salt concentrations (Supporting Table 1,

VOL.5 =

NO.6 = 4909-4918 = 2011

WWww.acsnano.org

J1O1LdV

4910



TABLE 1. Physicochemical Characteristics of Quantum Dots

Aem (nM) Ryy of CdSe core (nm) Ryg of core—shell (nm) Ry, by AF4 (nm) zeta-potential (mV) % of aggregates
QD-MPA 620 24 20£03 4244023 —328 0.0
QD-DHLA 620 24 5.03 £ 031 —337 132
QD-CYS 620 24 4414022 —35.8 0.08
QD-CA 617 24 3994029 +41.9 0.22
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Figure 2. Characterization of QDs. (A) Representative TEM
micrographs of unfunctionalized CdSe(CdZnS) QDs (left)
and functionalized QD-MPA (right). Scale bars represent 5
and 20 nm, respectively. (B) Normalized size distribution of
QD-MPA compiled from several TEM images. (C) Asymme-
trical flow field—flow fractionation (AF4) fractograms of QD-
CYS (short elution time). (D) Elution of aggregated QD-CYS
(long elution time).

Supporting Information). These QDs were stable for 7
days or more, in neutral and mildly acidic conditions.
However, none of the QDs were stable in alkaline
DMEM conditions due to the presence of high osmo-
larity of amino acids, salts, etc. which caused rapid
aggregation of the QDs. The cysteine coating was not
as efficient to stabilize the QDs: QD-CYS tend to
aggregate after several (~ 4—5) days in conditions of
physiological pH and ionic strength. QD-CA on the
other hand were very unstable within pH 4.22—8.6
and aggregated rapidly in the presence of phosphate
ions. QD-CAs are only stable in deionized water, any
salt in the solution causes them to aggregate over a
few hours.

The zeta potential values for QD-MPA, QD-DHLA
and QD-CYS (in Milli-Q water) are within —32.8
to —35.8 mV (Supporting Table 1, Supporting Informa-
tion). The only positively charged QDs are QD-CA (zeta-
potential 48.25 mV). Zeta-potential measurements
confirmed that, at physiological pH (7.4), QD-MPA,
QD-DHLA, and QD-CYS are negatively charged, whereas
QD-CA have a positive surface charge (Table 1). When
the zeta-potential of the particle falls below a threshold
value, the surface charges are no longer strong enough
to keep the particles from aggregating and precipitat-
ing out of solution. The hydrodynamic radius of the
QDs, determined by dynamic light scattering (DLS), is

on the order of 4 nm (Supporting Figure 1, Supporting
Information), independent of the surface ligand
(Table 1).

The QDs were analyzed also by asymmetrical
flow field—flow fractionation (AF4) chromatography
coupled with UV—visible, fluorescence, multiangle
light scattering (MALS), and dynamic light scattering
detectors (DLS) (Supporting Figure 2, Supporting
Information). Separation of nanoparticles by AF4 oc-
curs according to their size by virtue of their diffusion
coefficients in a very thin open channel.*® Eluting
nanoparticles are subjected to a longitudinal carrier
flow and an applied field that acts perpendicularly to
the length of the channel and causes particles to move
toward the accumulation wall. Smaller particles are not
affected to the same extent as larger particles. They
travel faster than larger particles, resulting in size
fractionation of the sample. The eluting fractions are
monitored by a UV/vis detector that responds to
particle concentration and by a combination of MALS
and DLS detectors that yield the particles size.*' This
technique provides the true size distribution of nano-
particles in aqueous media, unlike “batch-mode” DLS
which tends to be biased toward the strongly scatter-
ing larger particles. The elution profile of a sample of
QD-CA monitored by UV/vis detection (1 = 300 nm) is
presented in Figure 2C (short elution times) and
Figure 2D (long elution times). The most intense band,
with an elution time of 4 min, corresponds to the
elution of QDs, whereas the weak band between 20
and 26 min is attributed to QD aggregates. Comparison
of the areas of the two eluting bands reveals that the
fraction of aggregated QDs represents less than 1% of
the total QD concentration (Table 1). The elution of QDs
was monitored also by MALS and DLS detectors, which
yield, respectively, the Rayleigh ratio and the hydro-
dynamic radius (R,) of the eluting nanoparticles in
fractions. The dots in Figure 2C,D correspond to the
Ry, values of isolated QD-CA nanoparticles and QD-CA
aggregates, respectively. These values were calculated
from the diffusion coefficients extracted from the DLS
autocorrelated functions determined for each fraction.
Data from the fractograms were converted to size
distributions represented as plots of the differential
weight fractions as a function of Ry, (Supporting Figure
2, Supporting Information). The size distributions ob-
tained from AF4 data are narrow in all cases and
centered between 4 and 5 nm, depending on the
sample. On the basis of these results, we will assume
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Figure 3. QD uptake by human kidney and liver cells. (A) Hek 293 kidney cells and (B) Hep G2 liver cells were exposed to QDs
(100 nM, 1—24 h). Uptake values are the means &+ SEM from three independent experiments expressed relative to the

maximal QD-CA uptake given 1 au (100 nM; 6 h). (C) Confocal micrographs of QD-CA and QD-DHLA taken up by Hek 293 cells
within 1 h. QDs (red), N = nucleus (blue), PM = plasma membrane (green). Dashed arrows indicate partially internalized QDs,
and solid arrows indicate fully internalized QDs. Scale bars represent 10 um. (D) Effect of temperature on QD uptake in Hek 293
cells (black bars) and Hep G2 cells (white bars) exposed to QDs (100 nM; 1 h). The means + SEM of uptake inhibition (%, at 4 °C)
are relative to the uptake of QDs at 37 °C (100%), *** p < 0.001.

in the following sections that, in terms of cellular
trafficking, the four QD samples have identical size. Such
an assumption would have been less justified on the
basis of batch-mode DLS data only since size distribu-
tions recorded under these conditions are significantly
broader (Supporting Figure 1, Supporting Information).

Uptake of QDs by Human Kidney and Liver Cells. QD uptake
in human kidney (Hek 293) and liver (Hep G2) cells was
assessed spectrofluorometrically (ex/em = 355/612 nm)
as a function of time upon exposure to QDs (100 nM).
Prior to analysis, cells were washed with acidified
buffer solution (phosphate buffer saline, PBS, pH 5.5)
for 5 min in order to disrupt weak electrostatic interac-
tions between charged QDs and the plasma mem-
brane and to remove loosely bound and non-internalized
QDs from the cell surface.*? QD uptake in both cell types
increased steadily for 6 h but to different extents. Then
it remained constant, depending on the cell and QD
types (Figure 3A,B). The extent of uptake of positively
charged QDs (QD-CA) was significantly higher than
that of the negatively charged QDs (QD-CYS, QD-MPA

AL-HAJAJ ET AL.

and QD-DHLA) (p < 0.001). A similar uptake pattern was
found in both cell types at all time points examined.
QDs were gradually eliminated over time. There was no
significant cytotoxicity of QDs with different ligands
within 24 h exposure in both Hek 293 and Hep G2 cell
lines (Supporting Figure 3, Supporting Information).
Intracellular cadmium concentrations in cells ex-
posed to QDs were determined by quantitative flame
atomic absorption (FAA). Cells exposed to QDs (100
nM) had significantly higher intracellular cadmium
concentration compared to those treated with com-
parable cadmium concentrations in CdCl, (23.66 uM).
For example, Hek 293 cells exposed to QD or CdCl, for
1 h had intracellular cadmium concentration corre-
sponding to 8.6 + 0.5 and 0.4 £ 0.4 uM, respectively
(p < 0.001). These findings suggest that cadmium
cations are either less effectively taken in or more
rapidly eliminated from the kidney cells than QD
(Supporting Figure 4, Supporting Information).
Determining factors influencing the rate and extent
of nanoparticles internalization most likely depended
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Figure 4. Inhibition of QD uptake in human kidney Hek 293
and liver HepG2 cells: involvement of lipid rafts and the
X-AG cysteine transporter. (A) Effect of lipid raft disruption
by MBCD (10 mM, 30 min) on QD (100 nM, 3 h) uptake in Hek
293 cells (black bars) and Hep G2 cells (white bars). (B) Effect
of cysteine transport inhibition by THA (5 mM, 1 h) on QD-
CYS (100 nM, 3 h), and (C) effect of p,L-cysteine (0.1—2 mM,
15 min) on QD-CYS uptake. All values for uptake inhibition
(%) in panels A—C are the means & SEM (n =9), *** p < 0.001.
(D) Inhibition of QD uptake by MBCD, THA, or at 4 °C
measured by flow cytometry (FACS). The scatter histograms
are representative of three independent experiments.

on the physical and chemical surface properties be-
cause the core of all four QD types was similar in size
and composition. Interestingly, studies by Stellacci's
group show that gold nanoparticles coated with 11-
mercapto-1-undecanosulfonate, arranged in subnan-
ometer striations, enter the cells through different
routes then those with the same ligand randomly
distributed on the gold nanoparticle surface.*®

To exclude possible artifacts resulting from non-
specific association of the QDs with the cell membrane,
we examined the QD localization within live cells using
confocal fluorescence microscopy. To facilitate visuali-
zation, the plasma membrane and the nucleus were
labeled with PHK67 (green) and Hoechst 33342 (blue),
respectively. QDs were detected readily by their bright
red emission. Representative micrographs recorded
upon 1 h treatment of human kidney cells (Hek293)
with QD-CA or QD-DHLA are presented in Figure 3C.
Both types of QDs were localized predominantly within
the cytosol (solid arrow). A small fraction of QD-CA
appeared as clusters adhered to the plasma membrane
(dashed arrow). These clusters may originate from the
small fraction of QD aggregates present in the QD
suspension (Table 1 and Figure 2) or from the associa-
tion of individual QDs on the plasma membrane
surface.?® Due to their size, such aggregates are ex-
pected to remain loosely associated with the plasma
membrane or enter nonphagocytic cells rather slowly.
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Figure 5. Role of P-gp transporter in QD elimination from
human cells. (A) Hek 293 cells and (B) Hep G2 cells were
exposed to QDs (100 nM) for 3 h, and QD elimination was
measured over time (1—6 h). Data represent the means +
SEM (n =9), *** p < 0.001. (C) Activation of P-gp by rifampin
(25 uM, 15 h) and elimination of QDs (100 nM). All values
(the means + SEM) represent the change in QD efflux (%)
relative to the values from cells exposed to QDs only (no
rifampin), *** p < 0.001. (D) Inhibition of P-gp by elacridar
(50 nM, 1 h) and elimination of QDs (100 nM). Reduction (%)
of QD efflux is relative to the efflux in the absence of
elacridar. Data points represent the means + SEM from
three independent experiments of triplicates, *** p < 0.001.

Mechanisms Involved in QD Internalization in Hek 293 and
Hep G2 Cells. The accumulation of QDs in lysosomal
compartments is usually attributed to a mechanism
(Figure 1) involving QDs' internalization by endocyto-
sis, trafficking from the plasma membrane by endocy-
tic vesicles, fusion of the vesicles into early endo-
somes, then late endosomes, and finally fusion with
lysosomes.? To gain further insight into the mechan-
isms responsible for the transport of the QDs through
the cell membrane, we examined the effect of tem-
perature (Figure 3D) and of pharmacological inhibitors
(Figures 4 and 5). QD cellular uptake was determined
experimentally by fluorometric measurements. The
uptake of all types of QDs by either Hek 293 cells or
Hep G2 cells was significantly reduced when the cells
were kept at 4 °C, rather than at 37 °C (Figure 3D). The
strongest uptake inhibition (~85%) was observed for
QD-CYS. Incubation of cells at 4 °Cis believed to inhibit
the ATP synthase complex, resulting in a reduction of
the synthesis of the ATP required for the functioning of
the cellular active transport machinery.** Exposure to
low temperature decreases the fluidity of the lipid
bilayer, resulting in a tighter packing of the lipid rafts
and other membrane-embedded cholesterol-rich
structures.”® Incubation of cells at low temperature
also causes a flattening of caveolae and a blockage of
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clathrin-coated pits invagination. These processes ef-
fectively inhibit pinocytosis, but their detailed mechan-
isms are still unclear.***’

Intrigued by the exceptionally strong inhibition of
QD-CYS uptake in cells incubated at 4 °C, we undertook
a systematic study of two specific active transport
mechanisms available for the transport of QD-CYS
through the membrane: lipid rafts and the primary
sodium-dependent cysteine transporter (X-AG trans-
port system) (see Figure 1). First, to examine the role of
lipid-rafts in QD uptake, cells were treated for 30 min
with methyl S-cyclodextrin (MBCD, 10 mM), washed,
and thereafter incubated with QDs (100 nM) for 3 h.
The MBCD pretreatment of the cells, which depletes
their membrane cholesterol and disrupts lipid rafts, led
to a significant inhibition of QD internalization in Hek
293 cells and Hep G2 cells, compared with cells treated
with QDs, but without MBCD (Figure 4A). Furthermore,
the extent of QD uptake inhibition depended on the
QD surface chemistry and on the cell type. For exam-
ple, the uptake inhibition of QD-CYS was much more
pronounced in Hek 293 cells compared to Hep G2 cells,
whereas, in the case of QD-DHLA, the entry was
reduced to the greatest extent (46 & 4%) in Hep G2
cells compared to Hek 293 (20.2 &+ 3.2%). To test the
hypothesis that QDs form specific supramolecular
complexes with MBCD, we employed AF4 with
MALS/DLS/UV—vis detection due to its sensitivity to
small changes in nanoparticle size. AF4 elution profiles
of suspensions of QDs preincubated with MCBD
are shown in Supporting Figure 5CD (Supporting
Information). A shift of the elution peak, corresponding
to an increase in Ry, of about 1 nm, was observed in
pretreated QD-CYS but not in the case of QD-DHLA. This
suggests that complexation occurred between MBCD
and QD-CYS but not with QD-DHLA. It is not clear
whether or not QD-CYS/MBCD complexation occurred
in the living cells, after removal of the excess MBCD prior
to QD treatment. To elucidate the mechanisms involved
in lipid raft-mediated QD uptake, additional experiments
should be performed, such as time lapse measurements
of QD—lipid raft interactions and experiments using lipid
raft interfering agents other than MBCD. Multiple knock-
down and mutation experiments of proteins involved in
signaling steps within and downstream from the lipid
rafts warrant further investigations to clarify the role of
individual components implicated in the QD—lipid raft
interactions and internalization process. The structural
and functional role of lipid rafts and caveolin in endocy-
tosis of small molecules was recently discussed, and
some common mechanisms were proposed.*®4°

Cysteine, the ligand on the surface of QD-CYS, has a
specific transport machinery, the primary sodium-
dependent cysteine transporter (X-AG transport system),
in both model cell lines selected in this study. Threo-
[-hydroxyaspartate (THA), an inhibitor of the X-AG
transporter, is a substrate for cysteine, glutamate, and

AL-HAJAJ ET AL.

aspartate.®® We selected THA as a competitive inhibitor
of QD-CYS uptake. Hek 293 and Hep G2 cells were
treated with THA (5 mM, 1 h), prior to incubation of QD-
CYS (100 nM, 3 h) (Figure 4B). Under these conditions,
the uptake of QD-CYS was significantly inhibited in Hek
293 cells (35 & 4%; ***p < 0.001) and in Hep G2 cells
(48 £ 6%; ***p < 0.001). To confirm that the cysteine
transporter is indeed implicated in QD-CYS internaliza-
tion, competition experiments with free ligand were
performed. Cells in cysteine-free DMEM media were
co-treated with p,L-cysteine in concentrations present
normally in DMEM (0.1 mM), or in excess (1 and 2 mM)
and QD-CYS (100 nM, 15 min) (Figure 4C). Free p,L-
cysteine effectively competed with the uptake of QD-
CYS in both cell lines, significantly inhibiting internaliza-
tion in Hek 293 cells (42 4 2%; ***p < 0.001) and Hep G2
cells (45 & 3%; ***p < 0.001) cells. Taken together, these
observations indicate that the X-AG active cysteine
transporter contributes to the internalization of QD-CYS.

To complement the results from the spectrofluoro-
metric determinations, we performed flow cytometry
(FACS) (Figure 4D). Following exposure to QD-CYS
(100 nM, 3 h, 37 °C, no pretreatment, black lines), FACS
histograms revealed a large population of highly fluor-
escent cells. A decrease of the incubation temperature
from 37 to 4 °C or treatment with MBCD and THA
significantly reduced the population of fluorescent
cells containing QD-CYS, resulting in three almost
overlapping peaks with significantly lower mean fluo-
rescence intensities (p < 0.001).

Elimination of Multifunctional QDs and the Involvement of
P-Glycoprotein. The efflux of QD-CYS and QD-CA from Hek
293 and Hep G2 cells was measured after a 3 h incubation
of the cells with QDs (100 nM), followed by aspiration of
the cell medium and replacement with fresh medium.
The percentages of QD efflux after 1, 3, and 6 h for each
cell/QD pair are presented in Figure 5A,B. Significant
differences in the fraction of exported QDs were detected
depending on the cell type and on the QD surface
chemistry. The efflux of QD-CA was greater from Hep
G2 cells than from Hek 293 cells within the first 3 h. After
6 h, the percent of QDs left in the cells (~30 to 40%) was
similar in both cell lines. The efflux of QD-CYS increased
with time for both cell lines, but the efflux from Hep G2
cells was inefficient: after 6 h, nearly 80% of QD-CYS re-
mained trapped within Hep G2 cells, compared to 20% in
the case of Hek 293. There are known differences in P-gp
activity and expression in the kidneys and liver, pointing
to a possible involvement of P-gp in QD elimination.”’

We used two pharmacological modulators of P-gp
activity, rifampin and elacridar, to investigate the role
of P-gp in QD elimination. Rifampin is a P-gp inducer
known to increase P-gp activity through mechanisms
that are still poorly understood.>? Elacridar is a compe-
titive inhibitor of P-gp that competes with P-gp sub-
strates such as azidopine and inhibits its action.*®
Pretreatment of cells with rifampin (50 nM) for 15 h
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resulted in significantly increased QD efflux in both cell
lines (Figure 5C), while pretreatment of cells with
elacridar (25 uM, 1 h) caused a significant decrease in
QD elimination from both cell lines (Figure 5D).

In summary, these studies show how the properties
of four functionalized QDs with conserved size but
varied surface ligands are differently taken up and
eliminated from the human kidney and liver cells.
The QDs investigated in the present study were inter-
nalized by endocytosis involving lipid rafts in human
liver Hep G2 cells and kidney Hek 293 cells. Ligand-
specific uptake through the X-AG cysteine transporter
was shown to be involved in QD-CYS internalization. In
addition, the results suggest a role of P-gp transporter
in QD elimination. Further studies are warranted to
define signal transduction pathways involved in QD
uptake and elimination.

EXPERIMENTAL SECTION

Quantum Dot Preparation. All chemicals were purchased from
Sigma-Aldrich unless mentioned otherwise. CdSe(CdZnS) core—
shell QDs were synthesized and purified based on a method
developed by Pons et al., with some modifications as indicated
below.>* Preparation of precursors: cadmium oxide (n moles) was
mixed with tetradecylphosphonic acid (TDPA, 2.05 n moles, from
PCI Synthesis) in 1-octadecene (ODE) for a final cadmium con-
centration of 0.5 M. The mixture was heated to 300 °C and kept at
this temperature for 30 min under nitrogen, yielding a white gel
with a melting point around 200 °C. Cadmium oleate Cd(OA), and
zinc oleate Zn(OA), were prepared as 0.5 M stock solutions by
heating cadmium oxide CdO and zinc oxide ZnO powders in oleic
acid at 180 and 240 °C, respectively, for 1 h. The resulting solutions
were then degassed at 80 °C under vacuum. Stock solutions of
trioctylphosphine sulfide (TOPS 0.5 M) and trioctylphosphine
selenide (TOPSe 1.0 M) were prepared by dissolution of sulfur or
selenium powders in trioctylphosphine (TOP) at ambient tem-
perature under inert atmosphere, followed by vortex agitation
and sonication until all of the solid sulfur/selenium was dissolved.

The cadmium selenide CdSe core nanoparticles were prepared
by mixing a solution of Cd(TDPA)2 in ODE (3.2 g, ~2 mmol Cd) with
TOP (2 mL), oleylamine (2 mL) and octadecene (5 mL) in a three-
neck flask. The preparation was degassed for 30 min under
vacuum at 70—80 °C and then heated to 280 °C under nitrogen.
A solution of TOPSe (150 uL, 1 M) previously prepared was added
to TOP (1 mL) and swiftly injected. The reaction mixture was kept at
230 °C for 10-20 min. The QD growth was controlled by dropwise
injection at 1.5 mL/h of TOPSe 1 M. The addition was stopped
when the desired QD emission wavelength was obtained (~600
nm). The reaction mixture was cooled to room temperature. The
mixture was precipitated in ethanol, centrifuged for 10 min at 8000
rpm and re-suspended in hexanes (9 mL) and TOP (1 mL). The shell
of CdZnS was then added by mixing the CdSe core solution in
hexanes/TOP (2 mL) with trioctylamine (5 mL) and successively
with TOP (0.5 mL), Cd(OA), (0.5 M in oleic acid, 0.6 mL) and Zn(OA),
(0.5Min oleic acid, 1.2 mL). The mixture was degassed at 70—80 °C
for 30 min under vacuum before being heated to 230 °C. TOPS
solution (0.5 Min TOP, 1 mL) was then injected dropwise over a few
minutes, and the reaction mixture was kept at 230 °C for 30 min or
until the desired emission wavelength was obtained. The lumines-
cence intensity increased significantly upon successful formation
of the shell. The nanocrystals were precipitated twice in ethanol
and re-suspended in 10 mL of chloroform.

QD Surface Modification. Mercaptopropionic acid or dihydroli-
poic acid (excess of MPA/DHLA to QDs) was added to a suspension
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CONCLUSION

Similar to the present studies, P-gps were previously
proposed to have a role in the efflux of hydrophobic
cytokines, steroid metabolites, and lipids.>> P-gps have
been found within lipid raft membrane domains. Cho-
lesterol was established as one of the modulators of
P-gp functions, suggesting the ability of cells to elim-
inate QDs being, at least in part, dependent on their
cholesterol content.>® It would be interesting to extend
these studies by employing cells with knock-downs of
enzymes involved in cholesterol synthesis and meta-
bolism as well as physical measurements of membrane
stiffness to address the real contribution of cholesterol
in QDs' elimination by P-gp. We are currently exploring
the role of different proteins involved in QD uptake and
elimination by their systematic knock-down in differ-
ent cell types.

of CdSe(CdZnS) in chloroform. The resulting mixture was
heated to 60 °Cfor 1 h.In the cases of L-cysteine and cysteamine,
the ligands were first solubilized in methanol, then mixed with
the suspension of QDs and heated to 60 °C for 1 h. The QDs were
separated by adding ethanol to the reaction mixture, followed
by centrifugation for 5 min at 8000 rpm. A sodium hydroxide
solution (0.01 M) was used to resuspend QDs with carboxylic
groups (MPA, DHLA, and cysteine) to improve their solubility.
QD-CA was readily redispersible in deionized water. The
precipitation step with ethanol was repeated, followed by
centrifugation for 5 min at 8000 rpm. The precipitates were
kept and the ethanol was evaporated under vacuum before
resuspending the QDs in either deionized water or aqueous
NaOH (0.01 M).

Zeta-Potential Measurements. The zeta-potential of the differ-
ent QD dispersions was determined at 37 °C by using a Malvern
Zetasizer Nano ZS (Worcestershire, UK).

QD Characterization by AF4/UV—Vis/MALS+-DLS System. The princi-
ple of AF4 has been described elsewhere.>® An asymmetrical
flow field—flow fractionation (AF4) system (AF 2000 MT, Post-
nova Analytics) with a channel thickness of 350 um fitted with
either a special regenerated cellulose membrane (10 kDa cutoff,
RC amphiphilic, Z-MEM-AQU-631, Postnova Analytics) for analysis
of positively charged QD-CA or a special polyethylene sulfonate
(10 kDa cutoff, PES, Z-MEM-AQU-615, Postnova Analytics) for
negatively charged QDs (QD-MPA, QD-DHLA, QD-Cys). The AF4
was connected to a UV—vis variable wavelength spectrophoto-
metric detector (SPD-20A, Postnova Analytics), a fluorescence
detector (RF-10Ay;, Postnova Analytics), a multiangle light
scattering (MALS, Dawn Heleos 8+, Wyatt Technology, Santa
Barbara, USA), and a quasi-elastic light scattering (QELS) detec-
tor (WyattQELS, Wyatt Technology) which is an add-on unit
connected to the 90° angle of the MALS Dawn Heleos 8+
detector. The MALS detector is equipped with a K5 cell and a
GaAs laser operating at 658 nm and takes measurementsat 0.5 s
intervals. Data collection and analysis were done using ASTRA
version 5.3.4.20 (Wyatt Technology).

AF4 Separation Conditions. The carrier medium was prefiltered
(0.1 um) deionized water. After flow equilibration, the sample
was injected with a flow rate of 0.2 mL/min (injection loop
volume: 21.5 uL), followed by a 6 min focusing with a cross-flow
rate of 1.5 mL/min and a detector flow rate of 0.5 mL/min.
Following a 1 min transition, a two-step cross-flow rate gradient
was initiated for the elution mode. The starting cross-flow rate
(1.5 mL/min) was decreased linearly to 0 mL/min within 20 min.
The cross-flow rate was then kept constant at 0.0 mL/min
for 15 min to allow elution of any large aggregates. The detector
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flow rate was kept at 0.5 mL/min throughout. All flow rates
were controlled by the AF2000 Control software (Postnova
Analytics, Salt Lake City, USA). The cross-flow was generated by
Khloen syringe pumps (Postnova Analytics), while the axial and
focusing flows were delivered by isocratic pumps (Postnova
Analytics). The detection of the eluted fractionated QDs/
aggregates was performed sequentially by UV absorbance at
300 nm, fluorescence with Ae, 365 nm and A¢,, 615 Nnm, MALS,
and DLS. Each fractogram presented is representative of a
triplicate sample.

QD Characterization by UV—Vis and Spectrofluorometry. Suspen-
sions in water of hydrophilic QDs were diluted to reach an
absorbance of the first excitonic peak (~590—600 nm) around
0.1. UV—vis absorbance spectra were recorded on an Agilent
diode array spectrophotometer model 8452 A, between wave-
lengths of 200—800 nm. The empirical formulas proposed by Yu
et al. were used to determine the diameter and extinction
coefficient of cadmium selenide particles from the wavelength
of their first excitonic peak (~590 nm).”® The concentration was
then determined using the Beer—Lambert law.

Fluorescence spectroscopy measurements were performed
on an Eclipse instrument from Varian Cary. The fluorescence
spectra were taken on samples diluted to an absorbance at the
excitation wavelength less than 0.1 (monochromator excitation
and emission slits were set at 5 nm, photomultiplier voltage was
set at 600 V).

Cell Cultures and Treatments. Human embryonic kidney cells
(Hek 293) (CRL-1573, ATCC) and human hepatocellular liver
carcinoma cells (Hep G2) (HB-8065, ATCC) were cultured in
Dulbecco's modified eagle medium (DMEM) (Gibco) containing
10 and 5% of fetal bovine serum (Gibco), respectively. Cells were
maintained at 37 °C, 5% CO, in a humidified atmosphere.
Culture media contained 1% penicillin—streptomycin (Gibco).
Cells were grown in serum-containing media for 24 h before cell
treatments. Culture medium was then aspirated, cells were
washed with PBS (Gibco), QDs and/or drugs were added and
incubated at 37 °C for the times indicated. All inhibitors were
from Sigma, and the following concentrations and times of
incubations were applied: MBCD (10 mM, 30 min), THA (5 mM, 1 h),
p,L-cysteine (0.1—2 mM, 15 min), elacridar (50 nM, 1 h), rifampin
(25 uM, 15 h). QDs (100 nM) were used in all experiments.

Fluorescence Microscopy Imaging. Cells were seeded at a density
of 50000 cells/well into 8-well chamber slides (Lab-Tek) and
incubated with and without QDs (100 nM) for 1 h. Following QD
treatment, cells were washed and the nucleus and plasma
membranes were stained with 10 uM Hoechst 33342
(Invitrogen) for 1 h and 2 uM PHK67 (Sigma) for 10 min,
respectively. Fluorescence micrographs were acquired with a
Leica DFC350FX monochrome digital camera connected to a
Leica DMI4000B inverted fluorescence microscope using a
DAPI-1160A filter at 63 oil immersion (Leica). UV (Hoechst),
GFP (PKH), and CYS3 (QD) filters were used, and images were
acquired and pseudocolored using Leica Application Suite
(LAS).

Determination of QD Uptake by Spectrofluorometry. Cells were
seeded at a density of 80000 cells/well into 96 clear-bottom,
black-well plates (Costar) and incubated with and without QDs
(100 nM) for the times indicated. Following QD treatment, cells
were washed and DMSO was added to each well. Mean
fluorescent intensity was measured with a FLUOROstar Optima
fluorometer (BGM, Labtech) with filters set to ex/em = 355/
612 nm and employing 4 x 4 matrix well scanning.

Determination of QD Efflux by Spectrofluorometry. Cells were
seeded at a density of 80000 cells/well into 96 clear-bottom,
black-well plates (Costar) and incubated with and without QDs
(100 nM) for 3 h. Following QD treatment, cells were washed
and fresh serum free media was added to initiate efflux for the
times indicated. Cells were then washed, and DMSO was added
to each well. Mean fluorescent intensity was measured with a
FLUOROstar Optima fluorometer (BGM, Labtech) with filters set
to ex/em = 355/612 nm and employing 4 x 4 matrix well
scanning.

Determination of QD Uptake by Flame Atomic Adsorption (FAA). Standard
solutions were prepared by serial diluting 1000 ppm Cd certified
standard (SCP Science). Deionized distilled water was used as
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the diluent and blank. The concentration of cadmium from
standard QD solutions (0—100 nM) was measured with a
flame atomic absorption spectrophotometer (Perkin-Elmer
AAS-700). Hek 293 cells were treated with equimolar con-
centrations of cadmium, in the form of QDs (100 nM) and
CdCl, (23.66 uM). Following treatment, cells were washed and
detached gently by adding PBS containing 0.5% bovine
serum albumin (BSA). Cell samples were counted, spun down,
and resuspended in deionized distilled water for cadmium
determination.

Determination of QD Uptake by Flow Cytometry (FACS). Cells were
seeded in 12-well plates (Millipore). Following QD treatment,
cells were washed and detached gently by adding PBS contain-
ing 0.5% BSA. Samples were collected and analyzed by FACSAria
Sorter (BD Biosciences) using PE-Texas Red (ex = 594 nm) filter
and expressed as mean fluorescence intensity.

Statistical Analysis. Data were analyzed using SYSTAT 10
(SPSS). Statistical significance was determined by analysis of
variance (ANOVA) followed by post hoc, Dunnett's test, inde-
pendent t-test or by one sample t-test where specified. Sig-
nificant differences are indicated by * p < 0.05, ** p < 0.01, and
*** p < 0.001.
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