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Nanomaterial toxicity is currently a major concern and could
potentially hamper the advancement of nanotechnology devel-
opment. The nanotoxicology field is active and many researchers
have reported on the biological responses of nanoparticles.
Responses vary with nanoparticle type, properties and experi-
mental methods.[1] A diversity of cell types to test the toxicity of
nanoparticles in vitro has also been reported. Bregoli et al.
recently compared primary cells with multiple immortalized cell
lines and found differences in cytotoxicity between the primary
cells and the cell lines.[2] Furthermore, toxicity results may differ
between those of cell culture studies and in vivo animal studies.
Therefore, the type of cells used for toxicity testing will impact the
results and conclusions drawn regarding nanomaterial toxicity
and its subsequent clinical use.

Another current research focus is to develop high-throughput
in vitro testing platforms as a first step in nanotoxicity evaluation.
Although in vivo toxicity characterization is the most accurate
method as it takes into account all possible intracellular effects,
this strategy is expensive, labor intensive, and time consuming.
Cell varieties used for in vitro nanoparticle testing are intended to
mirror cell types encountered in vivo. Different in vivo exposure
or administration routes result in different cell types being
primarily responsible for uptake. However, many in vivo studies
have shown that the non-specific interactions occur with
phagocytic cells that are associated with the reticuloendothelial
systems. For example, resident liver macrophages, commonly
called Kupffer cells (KC), are primarily responsible for in vivo
uptake of intravenously dosed nanoparticles including semi-
conductor quantum dots (QDs),[3] nanotubes,[4] and polymer
nanobeads.[5] Our aim in this study is to qualify or verify primary
KCs as a suitable in vitro model by characterizing interactions of
QDs with KCs freshly isolated from Sprague–Dawley rats and
compare our results to previously published in vivo QD
studies.[3,6]

Our study has two main aspects. The first involved preparing
and characterizing QDs, and isolating and culturing primary
macrophages. The second was studying QD interactions with
macrophages, studying the uptake and release kinetics, metabo-
lism, cytokine release, and cellular response to microbes. We
selected diverse QD types to conduct these studies (Fig. 1A). The
physical, electrophoretic, and optical properties of the QDs were
characterized (Table S1, Supporting Information).

Dynamic light scattering (DLS) determined the hydrodynamic
radius. Both zeta potential and gel electrophoresis verified that
polyethylene glycol (PEG) and bovine serum albumin (BSA) were
successfully conjugated to the blode co-polymer-coated QD
(PQD) surface. QD core size measured with transmission
electron microscopy (TEM) agreed with absorbance based size
determination.[7] KCs were isolated (Fig. 1; Fig. S3, Supporting
Information) and plated at 800 cells per mm2 density, exposed to
QD at a concentration of 0.3 nmol mL�1.[8] This was equivalent to
the QD concentration in vivo in a previously published study,
Figure 1. Quantumdot and cell model. A) Schematic of the QD types used
in this study. B) Kupffer cells were isolated from rat liver using collagenase
perfusion and purified by density gradient separation. C) Bright-field optical
microscopy shows plated KC.
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Figure 2. QD phagocytosis, exocytosis and metabolism. A) QD uptake and fit to sigmoidal
function. B) Exocytosis of QD represented by the percentage of phagocytosedQD remaining in the
cells after incubation in QD-free media. (n¼ 3; PQD: red,*; PQD-PEG, black,�; PQD-BSA, blue,
&). C–E) Representative fluorescence images of QDs in KCs (at 360min) (20� , lex: 350/50 nm,
lem: 430 nm LP, scale bar¼ 20mm). F) Cd2þ release from QD breakdown, cumulative over 6 h in
QD-free media (n¼ 3, P< 0.1).
where the injected QDs are diluted intravenously in the blood
volume for a final concentration of 0.3 nmol mL�1.[3]

Selected in vitro exposure conditions were scaled to agree with
in vivo QD to KC ratios in vivo (1.4� 107 QD per cell)[3] based on
experimental estimates of native KC populations.[8,9]

Phagocytosis experiments demonstrated in vitro capacity of
2.3� 106, 0.9� 106, and 0.6� 106QDs per cell for PQD-BSA,
PQD, and PQD-PEG respectively (Fig. 2A). This showed
reasonable agreement with the amount of QD taken up in vivo
considering the variability present in in vivo cell population
estimates. The in vivo dose uptake ranges from 5.6� 106 to
1.4� 107QD/cell, depending on the surface chemistry, after
90min.[3] Our observations mirrored published in vivo QD
uptake rates that vary with different surface chemistries: BSA
coating leads to 100% uptake in vivo at 60min, and PEG surface
coating results in longer circulation times and less uptake in the
KCs.[10]

The mean uptake at each time point was fit to a sigmoidal
curve, (Supplementary Table 2, Supporting Information) reflect-
ing the phagocytosis process as a two stage process involving
initial membrane receptor binding followed by internaliza-
tion.[11,12] PQD and PQD-BSA content in KCs continued to
increase over the timeframe investigated. PQD-PEG, however,
demonstrated an initially slow uptake which agreed with
Aggarwal et al., indicating that PEG is capable of reducing
phagocytosis of QDs in vivo by shielding nanoparticles from
opsonizing proteins.[13] PEG did not prevent the uptake of QD but
served to limit the uptake amount to 1.6� 105QD/cell until
55min, at which point uptake increased to and plateaued at
6.4� 105QD/cell. By reducing the presence of complement,
immunoglobulins and other opsonins[14] on the QD surface, PEG
mitigates the rate of initial immune recognition and phagocy-
tosis.[15] One possible explanation for the uptake of PQD-PEG
observed between 90 and 150min after QD dosing is a change in
the resistance to, or type of, proteins adsorbing to the PQD-PEG
surface.[16,17] The differing kinetics between PQD, PQD-BSA and
PQD-BSA uptake may indicate differences in cellular response
such as receptor specificity and availability,[18] and adsorbed
Adv. Mater. 2010, 22, 2520–2524 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
protein cross-section.[16] We speculate that
nanomaterial properties are the main con-
tributors to these differences. Future studies
in our lab aim to identify and correlate these
properties to cellular response.

Chithrani et al. show that nanoparticles
are exocytosed after cellular uptake.[19]

Contrastingly, Jackson et al. show intracellular
sequestering.[20] Some decrease of intracellu-
lar QD occurred in vitro with KC (Fig. 2B).
Exocytosis data are presented as the percent of
maximumobserved intracellular QD (after 6 h
of QD exposure and uptake) remaining after
time t in fresh media (no QD). We fit our data
to a first order decay.[21] Exocytosis clearance
half-lives were t1/2¼ 9.5 and 12.6 h for PDQ
and PQD-BSA respectively. PQD-PEG, how-
ever, showed no decrease of intracellular QDs.

Fluorescence images of cells incubated
with QDs show luminescence after 12 h
(Fig. 2C–E), suggesting that a majority of
QD remained present and intact. The degradation of the QDs
leads to loss of fluorescence and broadening of the emission
spectra.[22] To quantify QD metabolism, we measured Cd2þ

in culture media with ICP-MS after filtering the media with
10 kDa membrane to remove any intact QDs. Mancini et al.
showed QDs break down in hypochlorous acid, which is
commonly encountered by QDs intracellularly.[23] Given this
evidence of breakdown, understanding the residence time in
such an environment is of importance; however, only a very small
part of the decrease in intracellular QD reported here could be
attributed to QD metabolism and associated Cd2þ release. QD
breakdown amounted to (0.15� 0.05)% and (0.5� 0.3)% of
phagocytosed QD for PQD and PQD-BSA, respectively. In
comparison, 39% (PQD) and 28% (PQD-BSA) were intact
when released from the KC. The degradation observed is in
agreement with recent studies.[6,23,24] Further, the extent of this
QD degradation (Fig. 2F) was dependent on the QD surface
chemistry. In these studies, the metallic species were released
into an extracellular environment but in vivo, the Cd2þ would be
released in the liver or be free to circulate. This is a potential
concern since Cd2þ can compromise hepatocyte health.[25] Our
data demonstrated that QD were sequestered but digest to their
elemental components at a slow rate. In this case, primary KC
provided an excellent in vitro cell model to characterize kinetics
of QDs in vivo.

In vivo QD trajectory is compounded by the fact that KC
migrate to lymph nodes,[26] and exhibit a 14 month average life
span in vivo.[9] Our results show that PQD and PQD-BSAs did not
elicit cytotoxicity, tested by quantifying the increase of membrane
leakage of the cytosolic enzyme glucose-6-phosphate dehydro-
genase (G6PD) into media. PQD-PEG caused a slight increase
after exposure (Fig. 3A). Comparatively, metabolic function of
the KCs was not compromised by QD exposure but an increase
in metabolic activity. In the selected media, KCs do not
proliferate[27] but the fluorescence signal for resazurin
(Fig. 3C) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (also known as MTT) increased (see the Supporting
Information). These compounds get modified, which can be
heim 2521
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Figure 3. Kupffer cell response. A) Cytotoxicity response to QD exposure (G6PD assay).
B) Corresponding controls of QD vehicle (dose with the QDs removed). C) Cellular metabolic
activity in response to QD exposure. D) Corresponding QD vehicle controls. (PQD, &;
PQD-PEG, ; PQD-BSA, ; Vehicle controls: PQD, black outline; PQD-PEG, grey outline;
PQD-BSA, dashed outline). Values are the mean of the difference from untreated cells.
(n¼ 3, P< 0.05). Measuring cytokine - E) IL-6 and F) TNF-a - concentration in response to
QD and QD vehicle exposure. (QD, ; dose vehicle, ) Values are normalized to expression
levels in untreated cells (n¼ 3, P< 0.1). Error bars are S.D.
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measured by a change in the fluorescence properties, in the
presence of metabolically active cells.

Macrophages confronted with a pathogen or foreign material
release cytokines to recruit additional immune resources.
We measured cytokine activation, specifically quantifying pre-
inflammatory cytokines IL-6, TNF-a (Fig. 3), and IL-1b. These
three cytokines contribute to acute phase response in the
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
liver. This response involves altering plasma
protein composition, which are central to
tagging foreign particles for phagocytosis.[14]

Individually, IL-6 is involved in lymphocyte
activation that can lead to increased antibody
production. Some increase in IL-6 was
observed in response to each of the QD surface
chemistries. We found a 4.8-fold increase for
PQD at 6 h, a 3.3- and 2.0-fold increase for
PQD-PEG at 1 and 6 h respectively, and a 2.2-,
4.8-, and 2.7-fold increase for PQD-BSA at 1, 6,
and 12 h respectively, compared to untreated
cells. An increase was also observed in
response to the QD vehicle incubation in some
cases. Only PQD-PEG at 6 h elicited a response
significantly different that its corresponding
QD-vehicle control. A substantial increase in
IL-6 would suggest the presence of an adaptive
response but to confirm this, a detailed in vivo
study is needed. TNF-a activates endothelium
to induce macrophage binding and exit from
blood vessel at infection sites. KC are able to
recruit dendritic cells[28] and blood monocytes
through cytokine release in response to colloids
that cause inflammation.[29] Some significant
increases in TNF-a release were observed for
PQD though not significantly different than
QD vehicle controls. Lee et al. also reported
TNF-a elevation both in vivo and in vitro in
response to QD.[30] No increase in IL-1b was
observed relative to untreated cells (see the
Supporting Information). Based on these
results, it was evident that some KC activation
response occurred, and that more detailed
immunogenic assessment of QD is necessary.
In comparison, histology shows no signs of
inflammation in response to in vivo QD
exposure.[6] The slight increases in cytokine
expression relative to untreated cells observed
here might not be sufficient for observation of
histological changes in the liver after QD
exposure.

Lastly, we assessed whether the intracellu-
larly sequestered QDs in KC influenced the
cell’s phagocytic function. KC showed no
post-QD exposure phagocytic impairment, as
demonstrated by a comparable uptake of
fluorescently labeled inactive E. coli bacteria
by KC with and without QDs (Fig. 4).

In summary, we demonstrated the use of
KCs to study QD uptake, and show that it
mimics that of in vivo studies, suggesting the
KCs could be used for the initial screening of nanomaterial
behavior in vivo. As nanomedicine and nanotoxiclogy research
continues, the number of nanomaterials parameters to be
examined remains prohibitively large. Thus, the development of
novel high-throughput technologies is required to assess and
evaluate nanomaterial cell interactions[31] which can serve as
screening tools to narrow down the nanomaterial parameters for
im Adv. Mater. 2010, 22, 2520–2524
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Figure 4. Phagocytic function. The effect of intracellular QD on the pha-
gocytosis of E. coli. In no instance did PQD (&), PQD-PEG ( ) or
PQD-BSA ( ) reduce the ability of KCs to phagocytose Alexa-488 labeled
E. coli. The amount within the cells was statistically equivalent to or greater
than untreated cells ( ) in all conditions. (P< 0.05) Error bars are S.D.
more focused traditional in vivo investigations.[32] Selection of cell
types to use for such testing still requires optimization to ensure
accuracy across the entire breadth of nanoparticle types and
exposure routes. Isolated Kupffer cells are capable of providing
results that reflect in vivo observations, and we suggest that KC be
included in future high throughput studies of nanoparticles that
are introduced into the body intravenously.
Experimental

Quantum Dot Preparation: Details of synthesis, conjugation and
characterization can be found in the Supporting Information.

ICP-MS Sample Analysis: See the Supporting Information.
Primary Kupffer Cell Isolation: Primary Kupffer cells were collected from

male Sprague-Dawley rats according to Smedsrød et al. [8]. All animal
handling was in accordance with university policy, under approved protocol
#20006891. See the Supporting Information.

Endocytosis and Exocytosis: Primary Kupffer cells (0.2� 106 cells per
well) were plated in 24-well black body imaging plates (Genetix), and
exposed to QDs (30 nmol/mL) in in vitro culture. The cells were washed
thoroughly, counted, and analyzed for Cd content with ICP-MS at various
time points.

Exocytosis was measured by incubating the cells with QD for 6 h,
washing, exchanging the media, and then analyzing the cells with ICP-MS
at various time points, for the quantity of QD remaining in the cells.
Intracellular QD was quantified by subtracting non-specific adsorption to
the plate (QD incubated in BSA-coated/glutaraldehyde crosslinked wells,
with media, without cells) from the total phagocytosed QD measured.

For both endocytosis and exocytosis data, cadmium content was scaled
to amount per cell, using the cell count numbers of individual wells
acquired using the Cellomics system. This accounted for variation in plated
cell number in each well.

Quantifying Metabolism: KC were incubated with QD for 6 h, washed
thoroughly and provided with fresh media. After 6 h, the media was
collected (150mL) and filtered through a 10.0 kDa NMWL filter-plate
(Ultracel-10,Millipore) at 3000g for 1 h to remove any intact QDs. The Cd2þ

concentration of the filtrate was measured using ICP-MS. Control values
from any QD Cd2þ contribution were subtracted.

Cytotoxicity and Immune Activation: Conjugated QDs were solvent
exchanged using Amicon ultra 10 kDa MWCO and rediluted to 1mM in
fresh PBS. The filtrate (‘‘QD vehicle’’) was retained as a control. Plated KCs
were incubated with both QD and QD vehicle for 1, 6, and 12 h and the
Adv. Mater. 2010, 22, 2520–2524 � 2010 WILEY-VCH Verlag G
cellular metabolism (MTT and rezasurin (Molecular Probes)), and
membrane damage (G6PD release, Molecular Probes) were tested.
Each was tested according to kit protocol. Fluorescence data were analyzed
with ImageJ. The release of pre-inflammatory cytokines, IL-1b, IL-6, and
TNF-a, wasmeasured using ELISA kits from Invitrogen by analyzingmedia,
filtered with a 10 kDa filter plate, which was collected from cells incubating
with QD and QD vehicle for 1, 6, and 12 h.

Bacteria Uptake: Post QD exposure to KC was exposed to inactive
E. coli-Alexa Fluor-488 (Bioparticles, Invitrogen) preincubated in rat serum
(Sigma). The cells were washed thoroughly to remove excess E. coli, treated
with trypan blue (100mL, 250mg/mL, in PBS) for 5min to quench
fluorescence from any remaining extracellular E. coli [33], imaged on a
Kodak fluorescent imaging system and quantified with ImageJ.

Statistics: Endocytosis and Exocytosis data was fit to sigmoidal and
monoexponential functions respectively (Matlab). Equation coefficients
and fit statistics are presented in the Supporting Information. Metabolism,
cytotoxicity, cytokine and bacteria uptake experiments were analyzed using
the Wilcoxon rank sum test (Matlab).
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