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Abstract

Quantum dots (QDs) are nanoparticles with strong fluorescent emission and are novel tools used
in biomedical applications, but the toxicity and mechanism of cellular uptake are poorly
understood. QD655-COOH (negative charge, 18 nm) consist of a cadmium/selenide core and a
zinc sulfide shell with a carboxylic acid coating with an emission wavelength of 655 nm.

Materials & Methods—~Peripheral blood mononuclear cells were isolated from porcine blood
by gradient centrifugation, and monocytes, which are CD14 positive, were purified. Monocytes
were differentiated into dendritic cells (DCs) with GM-CSF and IL-4.

Results—Monocytes showed cellular uptake of QD655-COOH, while lymphocytes did not.
Monocyte differentiation into DCs increased the cellular uptake by sixfold when dosed with 2 nM
of QD655-COOH. Transmission electron microscopy depicted QD655-COOQOH in the cytoplasmic
vacuoles of DCs. Twelve endocytic inhibitors demonstrated QD655-COOH endocytosis in DCs,
which was recognized by clathrin and scavenger receptors and regulated by F-actin and
phospholipase C. In addition, DC maturation with lipopolysaccharide (LPS) caused an increase in
QD655-COOH uptake compared with DCs without LPS stimulation. Viability assays, including
96AQ, CCK-8, alamar blue and ApoTox, exhibited minimal toxicity in DCs dosed with QD655-
COOH at 24 h. However, glutathione levels showed a significant decrease with 10 nM of QD655-
COOH. Finally, QD655-COOH exposure was associated with a decrease in CD80/CD86
expression after LPS stimulation, suggesting suppression with DC maturation.

Conclusion—These findings shed light on the mechanism of QD655-COOH uptake in DCs and
that cellular uptake pathways are dependent on cell type and cell differentiation.
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The rapid growth in the nanotechnology industry leads to novel nanomaterials for
biomedical applications, such as diagnostics, drug delivery and nanotherapy, yet the
knowledge regarding the cellular uptake mechanisms of nanoparticles (NPs) and toxicity to
cells is not well understood. NPs with certain physicochemical characteristics can readily
enter cells. Human epidermal keratinocytes (HEKS) have the capacity to take up
unfunctionalized multiwall carbon nanotubes [1], carbon black [2], functionalized fullerenes
[3,4] and functionalized single-walled carbon nanotubes [5], and these NPs have been
localized in the cytoplasmic vacuoles of HEKS. In addition to carbon-based NPs, metal-
based nanomaterials such as gold [6], silver [7] and aluminum [8] NPs can easily become
incorporated into cells.

Quantum dots (QDs) are of special interest because they can be used as fluorescent probes
for cellular imaging and diagnostics. In addition to their strong fluorescence intensity, their
stability, water solubility, small size and flexible surface charge enable QD suitable agents
to study intracellular tracking with in vitro and in vivo studies. QDs typically consist of a
cadmium/selenide (CdSe) core with a zinc sulfide (ZnS) shell with some type of surface
coating. Negatively and positively charged QDs can be incorporated into other human cell
types [9,10]. Our laboratory has shown that QDs with a cadmium sulfide (CdS) shell [11] or
ZnS shell [12-14] can enter HEKSs. Specific mechanisms of QD cellular uptake in HEKSs has
been investigated [15]. However, QD cellular uptake regulation in other cell types, such as
dendritic cells (DCs) is not well known.

Dendritic cells play an important role in initiating the immune response owing to their
efficient cell uptake, presentation of antigen and the ability of cytokine production. DC
express MHCII and CD80/CD86 on the cell surface and enhanced levels of these surface
markers have been found in mature DCs. Human DCs are derived from bone marrow cells
[16] in the presence of GM-CSF and the cytokine IL-4. Functional DCs can be derived from
peripheral blood monocytes in human, mouse and bovine cells [17-19]. Monocytes move
from the blood to the site of injury or infection and differentiate into macrophages or DCs
followed by the release of proinflammatory mediators. Since DCs can effectively engulf
NPs and present antigen released from nanovectors, vaccine development has been focused
on DC cellular uptake [20-22]. Gelatin NPs can be phagocytozed by DCs generated from
murine bone marrow cells localized in lysosomes [23]. Understanding the specific endocytic
mechanism and the potential for immunocytotoxicity of DCs may provide new insights into
vaccine delivery.

Nonfunctionalized QDs were localized in cells and the cellular uptake was size dependent in
human blood monocyte-derived macrophages [24]. However, to date, there are no reports on
the endocytic mechanism or toxicity of QDs in monocyte-derived DCs. In this study, we
used porcine monocyte-derived DCs as an in vitro model. Genetically and physiologically,
pigs are more similar to humans compared with rodents. Porcine blood is closer in similarity
to human blood in that their antigen-presenting cells, such as monocytes, DC precursors and
fibrocytes, are similar. Second, porcine plasmacytoid DCs can produce high quantities of
IFN-a and TNF, similar to humans, but distinct from the mouse model [25]. Third, porcine
dendritic cells derived from monocytes behave similarly to mouse or human DCs with the
increased level of surface costimulatory molecules, such as CD80/CD86 and MHCI/II,
providing signals to initiate T-cell activation, when DCs were matured [26,27]. Fourth, most
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of the antibodies for human DCs markers can recognize porcine DCs, indicating the
structural similarity of DC surface markers between two species [28]. Finally, the porcine
model can provide a large amount of blood with sufficient supply of monocytes for one
study compared with the murine model, which requires more than five mice to get a
sufficient quantity of blood. Therefore, porcine monocyte-derived DCs may serve as a good
in vitro model for nanoimmunotoxicology. The objective of this study is to determine the
cytotoxicity, localization of QD655-COOH cellular uptake in lymphocytes, monocytes and
monocyte-derived DCs and QD655-COOH endocytic mechanisms, and to compare them
with previous studies of QD cellular uptake in HEKSs. In addition, we investigated the
optimal viability assay for DCs and the effect of DC maturation and toxicity with QD655-
COOH.

Materials & methods

Quantum dots

Quantum dots (Invitrogen, Carlsbad, CA, USA) with emission maxima at 655 nm are
ellipsoid shaped, with a CdSe core/zinc sulfide shell with a 6 nm (minor axis) x12 nm
(major axis) diameter. QD655 coated with polyethylene glycol (PEG;neutral), PEG-amine
(NH>, positive charged) or carboxylic acid (COOH, negative charged) have hydrodynamic
sizes of 45 nm (PEG), 18 nm (COOH) and 20 nm (NH,), respectively. QDs were supplied at
concentrations ranging from 2 to 8.7 mM in a 50 mM borate buffer of pH 9.0 (carboxylic
acid-coated QDs) or pH 8.3 (PEG and PEG-amine-coated QDs). The size distribution is
estimated at 3% based on transmission electron microscopy (TEM). Typically, it is
estimated that there are 800-1200 carboxylic acid molecules per QD (Molecular Probe/
InVitrogen). The polydispersity index measurement is not particularly useful for an
engineered construct such as this due to the large dissimilarity between the molecular
weights of the constituents (e.g., cadmium vs carbon) and is not provided by the
manufacturer. Additional details on the physicochemical properties of these QDs can be
found in our previous publications [12,15].

Generation of DCs from peripheral blood monocytes

Pig peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (1.077 g/I,
GE healthcare, Uppsala, Sweden) gradient centrifugation. Porcine PBMCs purified by
gradient centrifugation were mainly composed of lymphocytes, monocytes and a small
number of macrophages [29]. For enrichment of monocytes, PBMCs were purified using the
Miltenyi magnetic-activated cell sorting separation system with LS columns and antihuman
CD14 antibody conjugated beads (Miltenyi Biotec GmBH, Bergissh Gladblach, Germany).
The purified monocytes were cultured in RPMI-1640 supplemented with L-glutamine and
25 mM HEPES (Lonza, Walkersville, MO, USA), 100 Ul/ml PenicillinG, 100 pg/ml
Streptamycin (Gibco, Invitrogen), 50 uM 2-mercaptoethanol (Sigma-Aldrich, St. Louis,
MO, USA) and 10% newborn calf serum (Sigma-Aldrich). For differentiation of monocytes
into DCs, recombinant porcine GM-CSF (40 ng/ml) and I1L-4 (40 ng/ml, R&D Systems,
Minneapolis, MN, USA) were added to the culture medium and replaced every 2-3 days.
Cultures were grown for 5-7 days. Lipopolysaccharides (LPS) from Escherichia coli
026:B6 (Sigma-Aldrich) were dosed into the DC culture from 30 ng/ml to 3 pg/ml for 18 h
for DC maturation.

Immunostaining

Loosely attached DCs were scraped from the 24-well plates, centrifuged and washed with
Hank’s Buffered Salt Solution (HBSS). Cells were stained with a FITC-labeled mouse-
antiporcine CD3 (Southern Biotech, Birmingham, AL, USA), propidium iodide (PE)-labeled
mouse-antiporcine CD21 or PE- labeled human CTLA-4-mouse Ig fusion protein (Ancell,
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Bayport, MN, USA) for 30 min. Samples were washed and centrifuged to remove the
residual antibodies for flow cytometry. Cells were analyzed in a BD FACScan Flow
Cytometer (BD Science, San Jose, CA, USA) with 10,000 cells gated on the basis of
forward and side scatter and a 488-nm laser was used to excite the FITC (FL1, 530/30), PE
(FL2, 585/42) and QDs (FL4, 661/16) respectively, and the data stored and processed using
CellQuest Pro software (San Jose, CA, USA).

Endocytic mechanism studies

Dendritic cells were seeded in 24-well plates at 100,000 cells per well. The endocytic
inhibitors nocodazole (10 ug/ml), cytochalasin D (CytD, 10 ug/ml), wortmannin (Wort, 100
ng/ml), Ly294002 (Ly, 10 ug/ml), chloroquine (CRQ, 50 pg/ml), chlorpromazine (CPM, 10
ug/ml), Y-27632 (10 pg/ml), staurosporine (SRP, 1 ug/ml), U-73122 (10 pg/ml), polyl (10
ug/ml) and fuicodan (FCD, 10 ug/ml) were purchased from Sigma-Aldrich. The
concentration of the inhibitors selected was at a relative low dose based on published
information and our previous studies in HEKSs [15]. The doses chosen were nontoxic to DCs.
Each endocytic inhibitor was predosed in the cell culture for 1 h in triplicate wells and the
experiments were repeated and then dosed with QD655-COOH with or without inhibitors
for another 30 min. This time frame was chosen because QD cellular uptake is at its highest
based on previous research. In addition, the inhibitor has to be taken up by the cell first
before it can exert an inhibitory effect. Cells were gently scraped, centrifuged, washed and
resuspended in HBSS and analyzed in BD FACScanTM Flow Cytometer (BD Science) with
10,000 cells gated on the basis of forward and side scatter. A 488 nm laser was used to
excite the QDs and the data stored and processed using CellQuest Pro software. The gated
line separates the DCs with high fluorescent intensities from the cells in the negative control
that were not treated with QDs. The inhibitory effects were calculated by comparing the
fluorescence mean for each inhibitor to the control.

Fluorescence microscopy imaging

Fluorescence images were captured in the QD655-COOH channel on an Olympus X71
fluorescence microscope (Olympus, Tokyo, Japan) with Image Pro Plus software (Media
Cybernetics Inc., Bethesda, MD, USA). The microscope was also equipped with a
differential interference contrast (DIC) system.

Transmission electron microscopy

To observe QD655-COOH localization in cells, DCs were treated with 0.05 nM of QD655-
COOH for 30 min, rinsed, fixed in Trump’s fixative, routinely processed for TEM and
viewed on a Philips EM208S transmission electron microscope.

Viability assays

Dendritic cells were harvested from culture dishes and seeded in 96-well plates at the
density of 20,000 cells/well at 37°C in a humidified 5% CO, environment. The cells were
exposed to RPMI-1640 medium containing 0, 0.4, 2 or 10 nM of QD655-COOH for 24 h (n
= 6) and then subjected to the following viability assays. Three different viability assays
were assessed for DC viability because it has been reported that some NPs may interfere
with the assay itself, thereby providing inaccurate results [30]. All the viability assays were
purchased from Promega (Madison, WI, USA). The absorbance, fluorescence or
luminescent values were normalized by the controls and expressed as percent viability.
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CellTiter 96® AQueous One Solution Cell Proliferation Assay (96AQ)

The 96AQ solution (20 ul; Promega) was added to each well (100 pl), incubated for 3 h and
the absorbance at 450 nm was quantified with a Multiskan microplate spectrophotometer
(Thermo LabSystems, Milford, MA, USA).

Cell Counting Kit-8

Each well (100 ul) was added with 10 ul of Cell Counting Kit-8 (Dojindo, Rockville, MD,
USA), incubated for 3 h and the absorbance at 450 nm quantified with a Multiskan
microplate spectrophotometer.

Alamar-Blue® assay

Culture medium was removed from each well in a 96-well black plate. The Alamar-Blue®
assay solution (10ul; Invitrogen) was added to each well and cells incubated for 3 h. The
fluorescence was quantitated on a Spectra Max Gemini EM spectrophotometer with an
excitation wavelength of 570 nm and an emission wavelength of 585 nm (570g4/585gn).

Other toxicity assays: ApoTox viability assay

The live-cell protease activity was measured using a fluorogenic peptide substrate
(glycylphenylalanyl-aminofluorocoumarin; GF-AFC; Promega). The GF-AFC (10 ml) was
transferred into 2 ml of assay buffer. Viability reagent (20 ul) containing GF-AFC substrate
was added to each well, mixed by shaking and incubated for 30 min at 37°C. The
fluorescence was measured on a Spectra Max Gemini EM spectrophotometer at 400g,/
505gm.

GSH-GIoTM glutathione assay

The medium was removed from the wells and 100 pl of The GSH-Glo™ reagent (Promega)
was added to each well and incubated for 30 min followed by the addition of 100 pl luciferin
detection reagent for 15 min. The luminescence was measured on a Spectra Max Gemini
EM spectrophotometer.

Cytokine assay for IL-6

Cytokine analysis was conducted by enzyme-linked immunosorbant assays (R&D Systems,
Wiesbaden, Germany) using commercially available kits according to the manufacturers’
instructions.

Statistics

Student’s t tests were used to compare two individual samples and fold changes. Values with
p < 0.05 were considered significant from controls and marked with an asterisk. The mean
values for fluorescence were calculated and the significant differences (p < 0.05) determined
using the PROC GLM Procedure (SAS 9.1 for Windows; SAS Institute, Cary, NC, USA).
When significant differences were found, multiple comparisons were performed using
Tukey’s Studentized Range HSD test at p < 0.05 level of significance.

Results

QD cellular uptake in PBMCs

Porcine PBMCs were purified using gradient centrifugation. The forward-side scatter dot
plot showed PBMCs contained two cell subsets, including lymphocytes and monocytes
(before purification, Figure 1A). PBMCs were dosed with 0.05 nM of QD655-COOH for 30
min followed by CD3 and CD21 staining. These results showed that 70.0% of the cells
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stained with CD3 were T cells (Figure 1B). However, very few CD3* cells showed QD655-
COOH (Figure 1B, before purification, upper right quadrant). Similarly, 7.3% of the PBMCs
labeled with CD21 (a B-cell marker) did not show QD655-COOH uptake (Figure 1C). By
comparison, there were a certain number of CD3™ and CD21™ cells (11.8% in Figure 1B or
11.7% in Figure 1C of total) that engulfed the QD655-COOH. Monocytes from the PBMCs
were labeled with antihuman CD14 antibody conjugated beads and purified with the MACS
separation system. The forward-side scatter dot plot indicated the enrichment of monocytes
(Figure 1A). These cells were CD14* and were dosed with 0.05 nM QD655-COOH for 30
min, which showed that 95.5-95.7% of the cells contained QD655-COOH (Figure 1B &
1C). In addition, the dot plot distribution patterns of the QD655-COOH™ cells (the lower
right quadrant in Figure 1B & 1C) before and after monocyte purification were very similar,
except for the difference in cell density. The above results showed that monocytes were
purified and did engulf QD655-COOH NPs.

Characterization of the monocyte-derived DCs

After 5-7 days of culture, most cells increased in size compared with those before
differentiation (Figure 2A). The purified monocytes may be classified into two subsets
according to their MHCII expression on the cell surface and can be defined as MHCII™
(fluorescence intensity = 5.2, pink, Figure 2B) and MHCII'®% (fluorescence intensity = 81.1,
green, Figure 2B). Both of these two subsets have similar and low CD80/CD86 expression
(fluorescence intensity = 37.2, Figure 2C) that can be recognized with the human CTLA-4-
mouse Ig fusion protein. MHCII~ CD80/CD86!°W cells showed higher QD655-COOH
uptake compared with MHCII'®% CD80/CD86!°W cells. Purified monocytes were further
differentiated into DCs with the addition of GM-CSF and IL-4. Flow cytometry indicated an
increase in MHCII expression (fluorescence intensity = 285.6, Figure 2B) and a strong
upregulation of CD80/CD86 expression (fluorescence intensity = 650.4, Figure 2C). Figure
2 shows that DCs have a greater efficiency for QD655-COOH cellular uptake compared
with monocytes. In addition, these monocyte-derived DCs had dendritic processes that
engulfed QD655-COOH (Figure 3).

Carboxylic acid-coated QDs were engulfed by monocytes & DCs

Our laboratory has shown that QD NP endocytosis depends on the surface coating and
charge [13]. QDs with three different surface coatings (carboxylic coated QDs (QD655-
COOH, negative charge), PEG-coated (QD655-PEG, neutral charge) and PEG-amine coated
(QDB655-NH>, positive charge) were investigated to elucidate the relationship between NP
cellular uptake and surface coating. As shown in Figure 4, QD655-PEG and QD655-NH,
had no QD uptake except for some nonspecific QD staining on the monocytes and DCs. By
contrast, monocytes preferred to uptake QD655-COOH (Y mean = 325.3) rather than NH,
or PEG-coated QDs. The differentiation of monocytes into DCs greatly enhanced the uptake
sixfold (Y mean = 2037.0).

To study the rate of QD cellular uptake, the QD655-COOH at 0.05 and 2 nM were dosed in
DC culture from 10 min to 24 h. Cells were scraped, collected and centrifuged for flow
cytometry and plotted in Figure 5. At 10 min, DCs took up QD655-COOH at the low dose
(0.05 nM; Y mean = ~110, half the fluorescence intensity compared with the saturation
point) and became saturated by 4 h. At the high concentration of 2 nM, QD655-COOH
uptake was extremely fast at 10 min (Y mean = ~1200), but was still only approximately
35% of the saturation point by 6 h. Although QD fluorescence is more stable than the other
dyes, quenching can still occur when QDs are dosed in culture media [15]. After the
saturation point, the fluorescence continued to decrease, probably due to the QD quenching
in the cells or, potentially, exocytosis might have occurred.
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Transmission electron microscopy images depicted the ultrastructural morphology of DCs,
including their dendritic processes (Figure 6A). Except for the filopodia or lamellipodia, a
few cytoplasmic vacuoles were present and have been considered to be normal in DCs [31].
Treatment of QD655-COOH at 0.05 nM for 30 min revealed QD655-COOH in most of the
vacuoles (Figure 6B). At the higher magnification, QD655-COOH could be identified by
their ellipsoid shape and size within the vacuoles.

DC cellular uptake mechanisms of QD655-COOH

There are several endocytic pathways that DCs can utilize to uptake NPs. The cellular
uptake may be regulated by some general cellular components, such as lipid rafts,
cytoskeletons or endosomes. In addition, NP cellular uptake by cells may occur through
macropinocytosis, clathrin or caveolae-mediated endocytosis and other more specific
pathways. Since QD655-COOH have more efficient cellular uptake than PEG or PEG-
amine-coated QDs, QD655-COOH was used for uptake mechanism studies. Twelve
endocytic inhibitors were used to study the mechanisms of QD655-COOH in DCs and the
results are summarized in Figure 7A. QD655-COOH at 0.05 nM with or without
preincubation of inhibitors was incubated in the DC culture for 30 min, followed by flow
cytometry quantification. In addition, some of the fluorescence images were taken and
organized in Figure 7C to confirm the flow cytometry data. First, to evaluate the cytoskeletal
effects on QD655-COOH endocytosis, CytD was chosen to inhibit F-actin assembly and
nocodazole was used to disrupt microtubules. CytD showed a more significant reduction in
QD655-COOH uptake (47.6% to control) than nocodazole (76.7%), demonstrating that F-
actin dominated the QD655-COOH cellular uptake in DCs. Second, nystatin the caveolae-
mediated endocytic inhibitor, CPM a clathrin-mediated endocytic inhibitor and Wort or Ly
macropinocytic inhibitors were also evaluated. These results showed that QD655-COOH
can be engulfed by clathrin (53.8%), while caveolae have less effect (76.7%). Wort and Ly
have similar inhibitory effects on QD655-COOH cellular uptake in DCs as nystatin (67.2
and 75.2%, respectively).

Endosomes may be critical organelles to regulate the cellular uptake of QDs. Therefore, we
used CRQ, a reagent that inhibits endosome acidification and is a potential endocytic
inhibitor [32]. However, CRQ did not have significant inhibitory effect on the QD655-
COOH cellular uptake, indicating that acidification of endosomes do not play a major role in
QD655-COOH endocytosis. Other potential inhibitors such as Y-27632, a specific inhibitor
of Rho-associated kinase (ROCK), U-73122 an inhibitor of phospholipase C (PLC) and SRP
an inhibitor of PKC were also investigated to explore if a kinase- or phospholipase-regulated
pathway could be involved in QD655-COOH uptake. Our results showed that the inhibition
of PLC by U-73122 can block QD655-COOH uptake (19.6% to control), which was dose
dependent (Figure 7B). SRP only had a minor inhibitory effect (SRP, 89.1%) while Y-27632
did not have an inhibitory effect (99.7%).

Previous work in our laboratory had demonstrated that QD cellular uptake in neonatal HEKs
was regulated by scavenger receptors (SR) [15]. Therefore, Polyl and FCD were used to
determine if DCs also utilized this pathway. Both Polyl and FCD blocked QD655-COOH
cellular uptake by 18.4 and 21.8%, respectively.

QD655-COOH uptake by DCs depends on DC maturation

Lipopolysaccharides induces the maturation of DCs with an increase in cell surface marker
expression (CD80/CD86) and cytokine release. At the LPS concentrations of 30 ng/ml to 1
ug/ml, CD80/CD86 expression increased nearly twofold and the capacity for DCs to take up
QD655-COOH (0.05 nM for 30 min) also increased (Figure 8). A slight upregulation of
QD655-COOH uptake was detected at 3 pg/ml of LPS, but this may be explained by LPS
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induced DC injury. Therefore, propidium iodide and 96AQ viability assays were used to
determine whether LPS induced cell death or injury to the DCs. These results did not detect
dead cells at 3 pg/ml LPS (data not shown). Therefore, LPS at 3 ug/ml may have triggered
another endocytic pathway.

QD655-COOH cytotoxicity in DCs evaluated with optimal viability assays

Since QDs are composed of cadmium and selenium, QDs may cause cytotoxicity at specific
concentrations if these metals leach out from QDs. Since HEKSs normally attach firmly to the
bottom of the wells, the MTT assay would be the assay of choice. However, unlike HEKS,
DCs are loosely attached to the bottom of 96-well plates. Alamar Blue, 96AQ and CCK-8
are all onestep viability assays with no extra wash steps and are considered most appropriate
for suspension cells or loosely attached cells. Therefore, we used these assays to evaluate the
cytotoxicity of DCs by QD655-COQOH. Since, our laboratory has shown that numerous types
of NPs can interfere with cytotoxicity assays in some cell types [2,7,8,30]. However, it is
more likely that only the nonsoluble particles, such as carbon black, carbon nanotubes or
aluminum nanomaterials, have strong interference with the assay system, while soluble or
well-dispersed particles, such as QD NPs, have less effect [30]. Therefore, we also evaluated
if QD655-COOH can interfere with the assay results. It was shown that QDs did not
interfere with all these assays (data not shown). Our results indicated that only CCK-8
detected a small decrease in viability (96.6%) at 10 nM of QD655-COOH. The minimal
viability decrease detected by the above three assays suggested that these assays may not be
sensitive enough to depict the toxicity of QDs. Therefore, other cytotoxicity assays were
also used to assess the mechanisms of toxicity in QDs. ApoTox assay is a fluorescence assay
to evaluate the live-cell protease activity. A small viability decrease (93.2%) at 10 nM was
noted, indicating QD655-COOH have a slight influence on intracellular protease activities.
The GSH assay is a luminescence-based assay used to assess cellular toxicity and is also an
anti-oxidant that prevents cell damage caused by reactive oxygen species in DCs [33]. We
noticed a decrease in GSH levels with increased concentrations of QD655-COOH,
especially at the 10 nM concentration where the GSH was 84.2% compared with control
(Figure 9).

DCs are a major cell source of IL-6 within lymph nodes during primary immune responses
to cutaneous antigens [34]. In addition to the viability and cytotoxicity studies, preliminary
studies with the proinflammatory cytokine IL-6 were also evaluated. Compared with control
(8.1 pg/ml), DCs dosed with 20 nM of QD655-COOH did not show much increase in 1L-6
expression (9.2 pg/ml). By comparison, LPS at 0.8 ng/ml increased IL-6 release from DCs
approximately 100-fold (788.8 pg/ml) compared with control, confirming that DCs
functioned in an expected manner.

We also evaluated QD655-COOH at a high concentration (10 nM) to determine if QD655-
COOH interfered with LPS-induced DC maturation with respect to cell surface marker
expression of CD80/CD86. DCs were stimulated with 300 ng/ml of LPS and then dosed
with or without QD655-COOH. QD655-COOH at 10 nM slightly decreased the DC CD80/
CD86 expression (87.9% to control). LPS exposed to DCs for 18 h induced CD80/CD86
expression twofold compared with the control. However, QD655-COOH interfered with the
LPS-induced DC maturation (80% to LPS-induced CD80/CD86 expression) (Figure 10).
These results showed that QD655-COOH at 10 nM not only caused slight cytotoxicity in
DCs, they may also have effect on DC maturation and activation, indicating that QD655-
COOH could have an inhibitory effect on the innate immune response.
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Discussion

The innate immune response may be activated by injury with exposure to infectious micro-
organisms. DCs in the lung or the skin (Langerhans cells) are capable of taking up and
presenting antigens for lymphocyte recognition. In addition, the maturation of DCs leads to
cytokine production and release for the initiation of immune defenses. Therefore, DCs
become target cells for immunotherapy by introducing NPs with functional drugs into
biological systems. Biomaterial pharmaceutical NP vehicles have been used to target DCs
aimed for vaccinations [35]. Antigen-carrying biodegradable poly (y-glutamic acid) or
poly(lactic-co-glycolic acid) NPs can be efficiently taken up by DCs and may be a potential
vaccine adjuvant for infectious disease therapy [36,37]. However, whether the uptake is
dependent on the specific antigen or relies on the types of NPs is unknown. As a result, the
toxicity and mechanisms of the cellular uptake of NPs into DCs need to be elucidated to
understand the immune response to NPs.

Transmission electron microscopy was used to visualize QD655-COOH subcellular
localization in DCs. Figure 6 indicated that QD655-COOH were taken up by DCs and were
localized in cytoplasmic vacuoles within 30 min. Intracellular vacuoles in DCs were much
greater than in HEKSs as determined by TEM [11]. Although 2 nM of QD655-COOH are
efficiently taken up by HEKSs [15], 0.05 nM concentration of QDs in DC can obtain similar
fluorescence intensity within 30 min based upon fluorescence microscopy. Therefore, a
lower concentration (0.05 nM) was used for this study. This was expected since the primary
function of DCs is to present antigens. PEG protects poly(D,L-lactic acid) (PLA) particles
from uptake by monocytes [38], which indicates that the surface coatings of NPs plays a role
in altering the NP uptake in cells. Here, we showed that PEG coating on QDs also prevented
the cellular uptake in DCs (Figure 4). The fact that carboxylic acid-coated QDs but not
PEG- or PEG-NH>y-coated QDs were readily taken up by DCs suggest that it may be due to
the recognition of the carboxylic acid groups by some organelles, receptors or epitope on the
DC surface.

Cellular uptake of antigens or particles by DCs is clathrin-regulated [39]. Macropinocytosis
and clathrin-dependent endocytosis are both actin-dependent processes [40,41]. Here, we
showed that F-actin and clathrin pit inhibition largely decreases QD655-COOH uptake in
DCs, while the inhibition of microtubules and caveolae has less of an effect on QD655-
COOH endocytosis. Also, these results suggest that macropinocytosis was partially involved
in the uptake mechanism. As a result, these endocytic pathways may collectively but not
equally regulate QD655-COOH uptake.

Previously, we investigated these cellular uptake mechanisms with these same QDs in HEKs
[15]. In that case, F-actin inhibitor did not influence QD655-COOH uptake, while disruption
of microtubules interfered with QD655-COOH endocytosis by 60% (compared with the
control). In addition, we showed that lipid rafts, not clathrin, caveolae or macropinocytosis,
was involved in QD655-COOH uptake. The fact that DCs utilizes F-actin, clathrin and
macropinocytosis to take up QD655-COOH indicates a new and different endocytic
mechanism is involved in QD655-COOH cellular uptake and that the mechanism of uptake
is cell type dependent.

Since DCs preferred the clathrin-regulated endocytic pathways, this suggests that some
specific receptors may regulate QD655-COOH cellular uptake in DCs. Therefore, some
inhibitors involved in specific endocytic pathways were investigated. The Y-27632, a
specific ROCK inhibitor that inhibits actin stress fiber formation [42], U-73122 the inhibitor
of PLC, SRP the inhibitor of PKC and Polyl and FCD the inhibitors for SR, were stated in
the hypothesis. The relationship between SR, PKC and PLC and their role in endocytosis
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has been described [43]. QD655-COOH endocytosis was blocked by PLC and SR inhibitors
(Figure 7A) indicating that SR may be the receptor of recognition for QD655-COOH in
DCs, while PLC may regulate this specific endocytic pathway downstream.

Endocytosis is normally downregulated after treatment of DCs with maturation stimuli,
which is a hallmark of DC maturation and has been well documented [31,44]. However, the
conclusion was based on antigen or endocytic tracers, which have been assumed to be
macropinocytic indicators. Interestingly, our results showed QD655-COOH endocytosis was
upregulated with LPS-matured DCs compared with untreated DCs (Figure 8). Recent
research by Platt et al. showed that mature DCs downregulate macropinocytosis but
continue to capture antigens and then internalized via endocytic receptors [45]. These results
allowed us to hypothesize that the receptor-regulated endocytosis may dominate the cellular
uptake of QD655-COOH in DCs, while macropinocytosis could be shut down in matured
DCs.

Previously, it has been shown that SR class B is critical for hepatitis C endocytosis in human
DCs [46]. Other studies showed that the diesel exhaust particles uptake by DCs was blocked
by the SR ligand maleylated-ovalbumin [47]. We found that the SR may play an important
role for QD655-COOH uptake in DCs. All of these results suggest the importance of SR on
NP uptake in various studies. Interestingly, Toll-like receptor 4 ligand LPS and oxidized
LDL, a SR ligand, upregulated the SR expression [47,48]. Since SR is upregulated by LPS
in DCs and is the primary receptor for QDs, this may explain why mature DCs can engulf
more QDs than immature DCs. Kwon et al. reported on the targeted delivery of
microparticles with mouse DCs using DEC-205 (another DC receptor) antibodies [49].
Uptake of these microparticles by mouse bone marrow-derived DCs in vitro was enhanced
by the antibody compared with the isotype control-coated particles. DEC-205 may be
another specific pathway to investigate NP cellular uptake in DCs.

Previously, Monteiro-Riviere et al. showed the viability differences due to NP interference
with viability assays in HEKSs [30]. Therefore, it is possible to evaluate a variety of viability
assays and find the optimal assay for minimal interference with NPs for a specific cell type.
Viability assays showed minimal cytotoxicity of QD655-COOH at the high concentration
(10 nM) in DCs. CCK-8 detected a small decrease in viability (96.6%) at 10 nM, while
96AQ and alamar Blue assays did not show a decrease in viability. Therefore, these three
assays are not sensitive enough to detect the toxicity of QD655-COOH in DCs. However,
intracellular protease activity and GSH level decreased, indicating some other toxicity
mechanism may be involved. QD655-COOH at 10 nM also interfered with the LPS-induced
CDB80/CD86 expression. Previous studies in our laboratory provided evidence that QD655-
COOH has some toxicity in HEKSs at 20 nM, but not at the 2 nM concentrations [13]. These
data indicate that QDs at specific concentrations is safe for use in biomedical applications.

Conclusion & future perspective

In conclusion, monocyte-derived DCs utilized different cytoskeletons (F-actin), substance
carriers (clathrin) and endocytic pathways to take up QD655-COOH, which is different from
HEK cellular uptake of QDs. The uptake of NPs also depends on the differentiation state of
DCs. In addition, QD655-COOH showed minor cytotoxicity in DCs at high concentration
(10 nM), although other toxic events, such as protease activity and GSH expression,
concurrently occurred. For suitable nanovectors of drug delivery, NP cellular uptake
mechanisms need to be conducted in the cell type of interest. As we can see from these
results, cellular uptake pathways are cell specific and dependent not only on the cell type but
the differentiation state of the cells.
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Quantum dot NPs are novel tools used in biomedical applications, but their toxicity and
mechanism of cellular uptake is unknown. Monocytes from peripheral blood were purified
and differentiated into DCs. Cell differentiation showed an increase in QD655-COOH
(carboxylic acid coating, with emission wavelength of 655 nm) cellular uptake.
Transmission electron microscopy localized QD655-COOH in the cytoplasmic vacuoles of
DCs. QD655-COOH endocytosis was recognized by clathrin and scavenger receptor and
regulated by F-actin and PLC. DC maturation with LPS caused an increase in QD655-
COOH uptake. Four viability assays exhibited minimal toxicity in DCs, while glutathione
levels showed a significant decrease with 10 nM of QD655-COOH at 24 h. QD655-COOH
exposure was associated with a decrease in CD80/CD86 expression after LPS stimulation,
suggesting a suppression with DC maturation. These findings shed light on the mechanism
of QD655-COOH uptake in DCs and that cellular uptake pathways are dependent on cell
type and cell differentiation.
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Figure 1. Peripheral blood mononuclear cell and monocyte characterization and QD655-COOH
uptake (flow cytometry)

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque gradient

centrifugation and monocytes were purified using the MACS separation system with CD14
antibody conjugated beads. Left column, dot plot for PBMCs (before purification); right
column, dot plot for monocytes (after purification). (A) The forward-side scatter dot plots
depicting lymphocytes and monocytes. (B & C) QD655-COOH at 0.05 nM were incubated
with PBMCs or monocytes for 30 min. Cells were labeled with CD3 (T cell marker [B]) and

CD21 (B-cell marker [C]). The plots shown are representative of three independent

experiments with similar results.
FSC-H: Forward scatter height; QD: Quantum dot; SSC-H: Side scatter height.
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Figure 2. Surface marker expression of monocytes and dendritic cells

Monocytes were differentiated into dendritic cells (DCs) with GM-CSF and IL-4. Left
column, dot plot for monocytes (before differentiation); right column, dot plot for
monocyte-derived DCs (after differentiation). (A) The forward-side scatter dot plots depict
monocytes or DCs. (B & C) QD655-COOH at 0.05 nM were incubated with monocytes or
DC culture for 30 min. Monocytes and DCs were stained with MHCII (B) and CD80/CD86
(C). Green and pink dots indicate the two different cell subsets, respectively. Plots shown
are representative of three independent experiments with similar results.

FSC-H: Forward scatter height; QD: Quantum dot; SSC-H: Side scatter height.
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DIC Overlay

Figure 3. QD655-COOH cellular uptake in dendritic cells imaged by fluorescence microscopy
QD655-COOH at 0.05 nM were incubated with dendritic cells for 30 min. Fluorescence
images were captured in the DIC mode and QD channel.

DIC: Differential interference contrast; QD: Quantum dot.
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Figure 4. Quantum dot cellular uptake in monocytes and dendritic cells depends on the surface
coating of quantum dots

QD655-PEG, QD655-NH> and QD655-COOH at 2 nM were dosed in monocytes or
dendritic cells for 30 min followed by flow cytometry for QD fluorescence intensity. The
plots shown are representative of three independent experiments with similar results.
FSC-H: Forward scatter height; PEG: Polyethylene glycol; QD: Quantum dot.
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Figure 5. QD655-COOH cellular uptake vs time

QD655-COOH of 0.05 or 2 nM were incubated in dendritic cells for 10 min, 30 min, 1 h, 2
h,4h,6h, 8h, 16 h and 24 h (n = 3/treatment). The mean QD fluorescence intensity in cells

were evaluated by flow cytometry at each time point.
QD: Quantum dot.
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Figure 6. Transmission electron micrograph of QD655-COOH in dendritic cells
QD655-COOH of 0.05 nM were incubated in dendritic cells for 30 min. (A) Transmission
electron micrograph images showed dendritic cells with cytoplasmic vacuoles. (B) Higher
magnification for the arrows indicated in (A), showing QD655-COOH in the vacuoles.
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Figure 7. QD655-COOH cellular uptake mechanisms in dendritic cells

(A) Mocodazole (10 pg/ml), CytD (10 pg/ml), Wort (100 ng/ml), Ly (10 pg/ml), CRQ (50
pug/ml), CPM (10 pg/ml), Y-27632 (10 pg/ml), SRP (1 pg/ml), U-73122 (10 pg/ml), polyl
(10 pg/ml) and FCD (10 pg/ml) were used to investigate the QD655-COOH uptake
inhibition at indicated concentration described in the ‘Materials and methods’ section.
QD655-COOH at 0.05 nM were incubated with dendritic cells (DCs) associated or without
each inhibitor preincubation. The mean QD fluorescence intensity in the cells was evaluated
by flow cytometry and normalized to the control (without inhibitors; n = 3/treatment). The
intensities for inhibitor treated samples were all statistically lower (p < 0.05) than the control
(100%) except for Y-27632. The inhibitors with endocytic inhibitory effects >
approximately 50% are indicated by arrows. (B) QD655-COOH uptake inhibition by
U-73122 is concentration dependent. QD655-COOH at 0.05 nM were incubated with DCs
associated with or without U-73122 at 0.4, 2 and 10 pug/ml. DCs were collected and
evaluated by flow cytometry for QD655-COOH fluorescence intensity and normalized to the
control (n = 3/treatment). *p < 0.05 indicates significant differences between the U-73122
dosed group and control. (C) QD655-COOH inhibitory effects by some of the endocytic
inhibitors (CytD, Noco, Nystatin, CPM, Ly, SRP, U-73122 and FCD) imaged by
fluorescence microscopy. The image for each inhibitor was marked with the percentage
fluorescence intensity compared with control. Each cell is 8-10 um in diameter.

CPM: Chlorpromazine; CRQ: Chloroquine; CytD: Cytochalasin D; FCD: Fuicodan; Ly:
Ly294002; QD: Quantum dot; SRP: Staurosporine; Wort: Wortmannin.
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Figure 8. Dendritic cell maturation and QD655-COOH uptake

Dendritic cells (DCs) were stimulated by LPS from 30 ng/ml to 3 pg/ml for 18 h, followed
by 0.05 nM of QD655-COOH incubation with DC culture for 30 min (n = 3/treatment). DCs
were stained with CD80/CD86 and the cells were collected and evaluated by flow cytometry
for QD fluorescence intensity. CD80/CD86 fluorescence with different letters (A—F) and
QD fluorescence (a—c) staining histogram denote mean values that are statistically different
at p < 0.05. Data are expressed as mean + SEM.

LPS: Lipopolysaccharide; QD: Quantum dot.
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Figure 9. Viability of dendritic cells dosed with QD655-COOH

96AQ, CCK-8, Alamar Blue, ApoTox and GSH assays were performed for cytotoxicity.

QD655-COOH at 0, 0.4, 2 and 10 nM were dosed in the dendritic cell culture in 96-well

plates for 24 h (n = 6/treatment). Data are expressed as mean £ SEM. *p < 0.05 indicates
significant differences between the dosed group and control within each assay.

Nanomedicine (Lond). Author manuscript; available in PMC 2012 May 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Zhang et al.

Page 24

250 - "
_~

o

S 200
(3]

&

& 150
[}

(7]

@

o

3 100
o

(=<}

8

S 504
(=]

(8]

0

Control QD LPS LPS + QD

Figure 10. QD655-COOH effects on dendritic cell surface marker expression

LPS at 300 ng/ml were used for maturation of dendritic cells (DCs). QD655-COOH at 10
nM were incubated with immature and mature DCs for 24 h (n = 3/treatment). DCs were
stained with CD80/CD86 and quantified by flow cytometry. *p < 0.05 indicates significant
differences between the basal control (or LPS treated control) and corresponding QD dosed
sample.

LPS: Lipopolysaccharide; QD: Quantum dot.
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