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Abstract

Aims—While numerous studies have reported on nanoparticle uptake by phagocytic cells, the
mechanisms of this uptake are poorly understood. A metastudy of research focusing on biological
particulate matter has postulated that nanoparticles cannot be phagocytosed and therefore must
enter cells via pinocytosis. The purpose of this study was to identify the route(s) of uptake of gold
nanoparticles in vitro and to determine if these route(s) depend on particle size.

Materials & Methods—The parent RAW?264.7 cell line and its derivatives, transduced with a
virus carrying siRNA to macrophage scavenger receptor A, were used as model phagocytes.
Citrate-stabilized gold colloids were used as model nanoparticles. We used chemical inhibitors
known to interfere with specific routes of particulate uptake. We developed multifocal light
microscopy methods including multifocal stack analysis with NIH ImageJ software to analyze cell
uptake.

Results—Irrespective of size, gold nanoparticles are internalized by macrophages via multiple
routes, including both phagocytosis and pinocytosis. If either route was blocked, the particles
entered cells via the other route.

Conclusion—Gold nanoparticles with hydrodynamic sizes below 100 nm can be phagocytosed.
Phagocytosis of anionic gold colloids by RAW264.7 cells is mediated by macrophage scavenger
receptor A.

Keywords
cellular uptake; gold nanoparticle; phagocytosis; pinocytosis; scavenger receptor

Nanoparticles represent a wide class of materials with different chemical compositions,
architectures and physical properties. When nanoparticles enter the body, either intentionally
(e.g., are administered during medical applications) or accidently (e.g., through environ
mental exposure), they encounter a complex environment of macromolecules, including
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proteins, lipids and cells. One of the first biological objects nanoparticles encounter upon
entering the bloodstream are plasma proteins (opsonins) and immune cells. Nanoparticles
are often removed from circulation by resident phagocytic cells of the liver and spleen. One
of the great potential benefits of nanotechnology is that it allows researchers to ‘engineer
around’ undesirable biological events (such as excessive endocytosis by immune cells) by
altering nanoparticle physicochemical properties; nanoparticles can be coated with polymers
(e.g., polyethylene glycol) to reduce uptake or, if more internalization is desired, engineered
to target phagocytic cells to accelerate uptake and antigen presentation.

Multiple studies have documented internalization of nanoparticles by macrophages;
however, no detailed delineation of the uptake pathway has been reported [1-3]. This is
probably due to limitations of visualization technology for particles inside cells. Highly
sensitive techniques, such as transmission electron microscopy (TEM) and scanning electron
microscopy are useful to detect electron dense materials (e.g., metallic nanoparticles, gold
nanoshells, iron oxides and TiO», particles). For example, TEM and atomic force microscopy
have been used to document uptake of gold colloids by macrophages and cancer cells
[1,2,4]. But such techniques cannot reliably image polymers, dendrimers, nanoliposomes or
other ‘soft’ materials on the size scale of cellular organelles, without recourse to cryogenic
techniques or staining. In addition, TEM images are 2D slices, which may not accurately
represent entire 3D cells. In addition, heavy metals used in TEM sample preparation often
leave high density marks, which may be mistaken for nanoparticles, requiring elemental
analysis through techniques such as TEM-energy dispersive x-ray spectroscopy for
definitive measures, thus making this method costly and low throughput. Since reliable
direct visualization of soft particles is difficult, most studies use indirect assays for
phagocytosis (e.g., luminol-based detection or flow cytometry). Luminol detection offers
high sensitivity, but is limited by the extent to which a particle quenches the luminol signal
while inside the cell. Flow cytometry assays for phagocytosis cannot distinguish between
particles attached to the cell membrane and internalized particles. Nevertheless, limited
studies have reported that approximately 90-nm mannose-coated nanoemulsions, 130-nm
mannose-chitosan nanoparticles and 200-nm gluco—mannan particles are internalized by
macrophages via the mannose receptor-mediated phagocytic pathway [5-7], whereas 20-,
50- and 100-nm lipid nanocapsules exploit a complement receptor-mediated internalization
pathway[8]. Other data also suggest that fullerene derivatives may be phagocytosed via the
Fcy receptor (FcyR) route [9,10]. Phagocytosis of microbial pathogens via these pathways
frequently results in inflammatory cytokine production, and similar inflammatory response
has been also documented with other particles. Of interest are studies with 10-20-nm
superparamagnetic nanoparticles, which demonstrated uptake via Mac-1 receptor [11] and,
20-, 50- and 200-nm anionic polystyrene particles, which demonstrated uptake via scavenger
receptor (SR) [12,13]. SR-mediated uptake is a ‘classical’ pathway utilized by macrophages
to eliminate apoptotic cells and is not accompanied by proinflammatory cytokine secretion
[14]. 1t has been reported that ferumoxtran-10 (dextran-coated superparamagnetic iron
oxides) does not induce inflammatory cytokines [15], likewise no cytokine secretion has
been reported for polystyrene particles [12,13]. Another challenge in studying nanoparticle
uptake is the absence of a standardized means for quantification. For example, in traditional
immunology, phagocytosis is quantified by the number of bacterial cells, yeast or poly
styrene beads inside an individual phagocytic cell and, reported as the average number of
ingested bacteria (yeast or beads) per cell. This measurement is called the ‘phagocytic
index’. The number of cells demonstrating uptake is used to calculate the ‘percentage of
active phagocytes’. The general rule is to count at least 100 cells to determine the values of
the phagocytic index and the percentage of active phagocytes. Such quantifiers cannot be
used to study nanoparticle uptake, since all the available techniques are not sensitive enough
to provide individual particle counts inside cells. To overcome this obstacle, we have
developed a method based on multi focal imaging of at least 100 cells per sample, followed
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by multifocal image analysis using NIH ImageJ software, which measures high-density
areas inside cells. We then express phagocytic index as the mean area per cell.

Some earlier studies have attempted to draw general rules for nanoparticle uptake,
suggesting, for example, that particles less than 100 nm in diameter enter cells via
pinocytosis, while larger particles (above 100 nm) are phagocytosed [16]. This conclusion
was based on a metastudy of basic research focusing on the uptake of biological particulate
matters (e.g., viruses, bacteria and model polystyrene beads) and therefore should be tested
on a variety of nanoparticles before it is concluded to apply to all engineered nanoparticles.
In the present study, we used commercially available citrate-stabilized colloidal gold
nanoparticles of two different sizes — one below 100 nm and the other above 100 nm, as a
test case to see if this rule extends to nanoparticles.

We chose gold nanoparticles because gold has a long history of biomedical use. Gold salts
have been used to reduce inflammation and gold colloids are used as drug delivery vehicles,
with some applications in clinical trials [17,18,101,102]. Gold colloids are often modified
with polyethylene glycol in order to avoid unspecific uptake by the reticuloendothelial
system [18]. It is worth noting, if the polyethylene glycol coatings are not stable during
storage or dissociate when the colloids enter the bloodstream, immune cells will clear them,
leading to potential long-term toxicity, as the colloids accumulate in the liver, spleen and
other lymphoid organs. Thus understanding the route of uptake of colloidal gold particles is
of interest from both basic and translational research perspectives.

Several previous studies have suggested that unmodified water-soluble gold nanoparticles
can enter cells via pinocytosis [1], and that modification of particle surfaces with various
ligands can direct the uptake of gold nanoparticles to specific receptors [1-4]. However,
none of these studies have investigated entry routes of colloidal gold nanoparticles into
macrophages.

The purpose of the current study, was to understand whether particle size influences the
route through which gold particles enter into macrophages and to test general rules derived
from research on other particulates. We show that irrespective of size, the citrate-stabilized
gold colloids enter the macrophages via multiple routes, including both pinocytosis and
phagocytosis, and that uptake via the SR is a primary pathway for phagocytosis of gold
colloids.

methods

Colloidal gold nanoparticles with sizes of 30 and 150 nm were purchased from TedPella Inc
(CA, USA). Particle size was characterized by dynamic light scattering and TEM.
Characterization also included measuring zeta potential and determining endotoxin levels.
For the endotoxin levels measurement by kinetic turbidity limulus amebocyte lysate (LAL),
PyrosKinetix instrument, endotoxin standard, LAL-grade water and lysate were used and all
were purchased from Associates of Cape Code Inc. (ACC, MA, USA). The LAL test was
performed according to the manufacturer’s instructions (ACC). For the inhibition
experiments, the following reagents were used: cytochalasin D (0.2, 1 and 5 pM); 5-(N,N-
dimethyl) amiloride hydrochloride (2 and 10 pM); chlorpromazine hydrochloride (2 and 5
M) and filipin 111 (0.5 mg/ml), all were supplied by Sigma-Aldrich (MO, USA). The eight-
well LabTech chamber slide used for the uptake experiments were supplied by Fisher
Scientific (PA, USA). Goat antimouse SR-A1/MSR1 neutralizing antibodies (2 and 5 pg/ml)
and isotype control Goat IgG antibodies (5 g /ml) were purchased from R&D systems
(MN, USA), antibodies directed against murine p-actin were supplied by ABcam (MA,
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USA) and horseradish peroxidase-conjugated secondary antibodies were supplied from
Jackson ImmunoResearch Labs (PA, USA). The adherent RAW?264.7 murine macrophage
cell line was obtained from American Type Culture Collection® (MD, USA). All cell
culture reagents, fetal bovine serum (FBS), phosphate buffered saline (PBS), RPMI and
Dulbecco’s Modified Eagle medium (DMEM) were supplied by Hyclone (MA, USA). FBS
was heat inactivated for 30 min at 56°C before use for cell culture. The 10% neutral buffered
formalin solution, phytohemagglutinin-M (PHA-M) and gamma-irradiated cell culture grade
Escherichia coli O55B5 | lipopolysaccharide were all purchased from Sigma Aldrich. The
human AB* serum used was supplied by BioChemed (VA, USA). The Packaging GP2-293
cells were supplied by Clontech (CA, USA). The selection of sequences for the most
optimal RNAi-mediated inhibition was guided by BLOCK-iT™ RNAI Designer tool
purchased from Invitrogen (CA, USA) and the final oligonucleotides were made compatible
with the Xhol and EcoRlI cloning sites of the shRNAmir lentiviral vector MSCV/
LTRmIiR30-PIG (LMP) from Open BioSystems (AL, USA). For the gene ration of retroviral
vectors stocks and for the retroviral transduction of RAW264.7 cells were used,
respectively, the TransIT-293 reagent supplied by Mirus Bio, (WI, USA) and ViroMag R/L
Viral Gene Delivery reagent from Boca Scientific (FL, USA). For the cytokine secretion
test, the Th1/Th2 kit from Mesoscale Discovery (MSD) Inc. (MD, USA) was used. Plasma
samples were analyzed for the presence of complement split products using C4d, iC3b and
Bb EIA kits from Quidel Corporation (CA, USA). To analyze expression of SR-A, 4x
NUuPAGE buffer and 10x reducing agent supplied by Invitrogen were used. Trisglycine gels
were purchased from Invitrogen. Ficoll Paque Plus reagent was supplied by Amersham
Biosciences (Upsala, Sweden).

Research donor blood

Healthy volunteer blood specimens were drawn under the NCI-Frederick Protocol OH99-C-
NO046 approved by the institutional internal review board. Blood was collected in BD
vacutainer® tubes containing sodium citrate as an anticoagulant (for complement activation
assay) or lithium heparin (for cytokine secretion assay). For opsonization of nanoparticles,
we used human AB* serum (BioCheMed, VA, USA).

Dynamic light scattering

A Malvern Zetasizer Nano ZS instrument (MA, USA) with back scattering detector (173,
633 nm laser wavelength) was used for measuring the hydrodynamic size (diameter) in
batch mode at 25°C in a low volume quartz cuvette (pathlength 10 mm). Citrate-stabilized
gold nanoparticles samples were diluted tenfold in 10 mM NaCl and filtered through a 0.45-
pm filter. A minimum of 12 measurements per sample were made. Hydrodynamic size is
reported as the intensity-weighted average (Int-Peak) diameter.

Zeta potential

Cell culture

A Malvern Zetasizer Nano ZS instrument was used to measure zeta potential at 25°C.
Citrate-stabilized gold nanoparticles samples were diluted tenfold in 10 mM NaCl. An
applied voltage of 100 V was used. Samples were loaded into prerinsed folded capillary
cells and a minimum of three measurements were made per sample.

The adherent RAW264.7 murine macrophages cell line was used throughout this study. The
cells were cultured in RPMI supplemented with 10% (v/v) heated-inactivated FBS, 2 mM
glutamine and 100 units per ml of penicillin/ streptomycin solution at 37°C in 5% CO».
Cells were split every other day to maintain 70-80% confluent cultures. Cells were used
between passages 3 and 20; after passage 20, cultures were discarded and new cultures were
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started from frozen stocks. Cells were screened for mycoplasma contamination (no
contamination was detected).

Packaging GP2-293 cells (Clontech) were maintained in DMEM supplemented with 10%
FBS and penicillin/streptomycin (100 units/ml).

Generation of SR-negative cell line

Based on the cDNA sequences of Mmsr1 and Mmsr2 genes, eight pairwise complimentary
oligonucleotides have been designed (Box 1) (only sense oligonucleotide are shown), to
produce four independent siRNA constructs for each gene. The selection of sequences for
optimal RNAi-mediated inhibition was guided by BLOCK-iT RNAi Designer tool
(Invitrogen) and the final oligonucleotides were made compatible with Xhol and EcoRI
cloning sites of ShARNAmir lentiviral vector MSCVLTRmIR30-PIG (LMP; Open
BioSystems).

Generation of retroviral vector stocks

Packaging GP2-293 cells were cotransfected with each of the sShRNA plasmids and
vesicular stomatitis virus G protein (VSV-G) expression construct by using TransIT-293
reagent (Mirus Bio, WI, USA) according to the manufacturer’s recommendations. Briefly,
the mixture of sShRNA construct (18 j1g) and VSV-G vector with TransIT-293 (2 pg) was
added to subconfluent GP2-293 culture in a 150 cm? flask, the cells were incubated for 24 h
and the culture medium was replaced with the fresh medium. The virus-containing
supernatant was harvested 48 h post-transfection and was clarified by centrifugation at 3000
rpm for 10 min. To concentrate the vector particles, clarified virus-containing supernatant
was spun down at 21,000 x g for 2 h at +4°C, the pellet was resuspended in a small volume
of the TNE buffer (50 mM Tris, pH 7.8, 130 mM NaCl, 1 mM EDTA) and was either used
immediately to infect target cells or, was frozen at —70°C for long-term storage.

Retroviral transduction of RAW264.7 cells

Parent RAW264.7 cells were plated in the wells of a six-well plate in RPMI medium as
described earlier at 10° cells per well and were grown overnight. The cells were transduced
with corresponding retroviral vector by using ViroMag R/L Viral Gene Delivery reagent
(Boca Scientific) according to the manufacturer’s recommendations. Briefly,
magnetofection reagent (8 pl) was added to concentrated retroviral vector stock (50 pul) and
incubated for 30 min at room temperature. The mixture was added to target cells and the
plate was placed behind a magnetofection magnet (Boca Scientific) and incubated for 2 h at
37°C. The plate was taken off the magnet and the cells were cultured for 48 h prior to
selection with puromycin. Single cell colonies that passed the selection with puromycin
were collected and subcultured in the presence of puromycin in a 96-well plate. Each clone
was allowed to expand and was analyzed for the presence of scavenger receptor Al
(MSR-1) by western blot as described later. A total of 34 clones were harvested and
analyzed. Two of these clones designated 4/2 C6 (originated from oligo construct #4) and
1/2 (originated from oligo construct #1) were used for further studies as they demonstrated
no expression of MSR1, maintained adherent properties of the parent cells and showed no
changes in uptake of Zymosan A.

Cytokine secretion, complement activation, protein electrophoresis & western blot

For the cytokine secretion test, human peripheral blood mononuclear cells were isolated
from the whole blood of three healthy volunteers by Ficoll gradient centrifugation. Ficoll
Paque Plus reagent was from Amersham Biosciences (Upsala, Sweden). Cells were
incubated for 24 h in the presence of negative control (PBS), positive control:
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lipopolysaccharide (LPS) and phytohemagglutinin from Phaseolus vulgaris (PHA-M), or
nanoparticles. Cell culture supernatants were collected, cleared by centrifugation for 5 min
at 18,000 x g and stored at —20°C before analysis. The analysis was performed using Th1/
Th2 kit from MSD Inc. using a MSD plate reader, and following the manufacturer’s
instructions.

For complement activation, fresh (1-2 h postcollection) human plasma anticoagulated with
sodium citrate and collected from at least three healthy donor volunteers was incubated for
30 min at 37°C with positive control (cobra venom factor), negative control (PBS) or
nanoparticles in the presence of veronal buffer. Plasma samples were analyzed for the
presence of complement split-products using C4d, iC3b and Bb EIA kits from Quidel
Corporation (CA, USA). All experiments were performed according to manufacturer’s
instructions.

To analyze expression of SR-A, cell lysates were prepared on ice using lysis buffer (20 nM
Tris HCI, pH 7.4, 5mM EDTA, pH 8.0, 1% w/v Triton X-100 and protease inhibitor
cocktail). Lysates were mixed with 4x NuUPAGE buffer (Invitrogen) and 10x reducing agent
(Invitrogen) and incubated for 5 min at 85°C. Proteins were then separated using 10%
trisglycine gels (Invitrogen) and transferred onto polyvinylidene fluoride membrane.
Membranes were blotted with antibodies specific to murine SR-A1(MSR-1) and p-actin to
control protein loading.

Uptake experiments

RAW264.7 cells were plated (1.5 x 10° cells/ml) in an eight-well plate (Nunc Lab-Tek
Chambered Cover Glasses, Fisher Scientific, USA) 1 day prior to the experiment. The
culture media was removed and the cells were treated with inhibitors for 1 h. The uptake
studies were started by adding the nanoparticles (~50 pg/ml) suspended in culture media to
the cells. The process was stopped by three washes with PBS, then 10% neutral buffered
formalin solution was added for 15 min. To obtain a proper depth-of-image of the
nanoparticles within the cells, images were taken at different focal points and then
combined. The images were taken at 1000x magnification using a Nikon microscope with a
10x eyepiece and a Plan Fluor 100%/1.30 Oil Ph3 DLL Objective. Stacking of the images
into one multifocal stack and densitometry were performed using NIH ImageJ software. The
entire stack was prefocused into one image through a stack focuser (a plugin to NIH ImageJ)
to obtain the final image. The relative image intensity of each cell was calculated and
compared with other cells and control cells. After correcting for the background, these
values were compared to obtain the relative intensity, which correlates with the relative
amount of nanoparticles in the cells. For each treatment and control sample, a total of 100
cells were analyzed. Each cell was imaged multiple times, scanning from the bottom to the
top and the stacked multifocal image representing the entire cell was used for analysis. The
analysis of each data set was performed by two scientists independently. Phagocytosis was
rated as phagocytic index, which represented an average density value calculated by
analyzing 100 cells. Percentage uptake was calculated by counting the number of cells (out
of 100) with increased density over background and comparing the phagocytic index values
of these cells to control samples. For this purpose, the phagocytic index in control samples
were assigned 100% uptake and the test samples were compared with this control. For
protocol details and validation experiments please refer to Supplementary Data and
appendix A (see online www.futuremedicine.com/doi/suppl/10.2217/nnm.11.41).
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Statistical analysis

Results

The mean values were compared by one way ANOVA analysis using Microsoft Excel 2007
software. Statistical significance was accepted for p <0.05. The images were analysed by
NIH ImageJ and the intensity results are expressed as mean area, in pm2.

Particle characterization

Dynamic light scattering is a common method for determining the hydrodynamic size
(diameter) of a nanoparticle in solution. Nanoparticle hydrodynamic size can be altered by
the presence of opsonizing proteins and, is often more relevant to interaction with biological
systems than the core size [19,20]. Therefore, we measured hydrodynamic diameter both
before and after incubation with serum. We also evaluated the particles’ core size by TEM
(data not shown) and measured particle zeta potential. Since endotoxin contamination may
confound results of in vitro studies such as cytokine secretion tests [21], we also determined
the amount of endotoxin in commercial stocks of 30- and 150-nm gold colloids.

The results of particle characterization are summarized in Table 1. The hydrodynamic sizes
of 30-nm gold colloids were determined to be 34.4 £ 0.2 nm before opsonization and 94.8 +
0.2 nm after incubation with serum; those of 150-nm particles were 149.8 + 0.7 nm and
263.6 £ 4.7 nm before and after opsonization, respectively. The zeta potential of the 30-nm
gold colloids was —38.2 + 1.2 mV before and —16.4 + 0.6 mV after incubation with serum;
those of 150 nm particles changed from -46.3 = 0.9 mV before to —20.4 + 1.9 mV after the
opsonization. The amount of gold was comparable in both formulations: 48.0 £ 3.9 pg/ml
and 42.5 £3.7 pg/ml in 30- and 150-nm colloids, respectively. Endotoxin was below the
limit of detection.

Selection of inhibitors & dose metrics

Mammalian cells have two main endocytic portals for internalization of the macromolecules
and particles: phagocytosis and pinocytosis [22]. The former is further subdivided into
complement receptor-mediated, FcyR-mediated and SR-mediated phagocytosis. Pinocytosis
is also subdivided into categories, including macropinocytosis, clathrin-mediated, caveolin-
mediated and clathrin/caveolin-independent endocytosis [22,23]. Each pathway involves a
unique set of receptors and is employed only for particular types of particulate material. To
distinguish between the pathways, we utilized a set of commercially available inhibitors
identified as having selective effects on specific uptake pathways. The inhibitors and their
mechanisms of action are summarized in Table 2.

We found that dosing equal concentrations (equal numbers of gold particles per volume)
approached our sensitivity limits for detection of the 30-nm colloids after administration of
the uptake inhibitors (Supplementary Figure 1). To ensure a fair comparison of the uptake of
30- and 150-nm colloids, we therefore, dosed cells with nanoparticles at equivalent
concentrations of total gold, so that both before and after administration of the uptake
inhibitors, the 30- and 150-nm colloids were similarly detectable.

Inhibition of actin polymerization results in decrease in the uptake of both 30- & 150-nm
gold colloids

One of the common features between phagocytosis and macropinocytosis is that both
pathways represent active transport and require actin polymerization [22,23]. Therefore, we
first tested cytochalasin D, an inhibitor of actin polymerization, for its ability to affect
uptake of gold colloids by macrophages. Pretreatment of macrophages with cytochalasin D
resulted in decreased uptake of both 30- and 150-nm gold colloids (Figure 1a). We observed
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a similar decrease in uptake for nanoparticles of both sizes with a lower dose of the
inhibitor. Increasing the concentration of the cytochalasin D exhibited a complex effect on
uptake: the internalization of the large-size colloids (150 nm) was affected to a greater
degree (>50%) than that of smaller (30 nm) colloids.

To further distinguish between these two routes of uptake, we used 5-(N,N-dimethyl)
amiloride hydrochloride, the compound that inhibits the membrane Na*/H* ATPase and is
reported to inhibit macropinocytosis [24]. Treatment with 5-(N,N-dimethyl)amiloride
hydrochloride did not result in a significant decrease in the uptake of either 30- or 150-nm
gold colloids (Figure 1B).

SR is involved in the phagocytosis of 30-nm gold colloids

Two of the three aforementioned phagocytic routes, complement receptor and FcyR-
mediated phagocytosis, result in triggering proinflammatory signaling, whereas SR-
mediated uptake does not cause the induction of proinflammatory cytokines [14]. Neither
30- nor 150-nm gold colloids resulted in induction of inflammatory cytokines in vitro (Table
3). Likewise, no significant complement activation was observed with both tested colloids
(Figure 2). Since no cytokine induction and no significant complement activation was
observed, we focused on the SR-mediated pathway.

To evaluate the contribution of SR in the uptake of gold colloids, we employed two
methods:

= Blocking SR by neutralizing goat antimouse SR-A1/MSR1 antibodies

= Using two clones of RAW?264.7 cells (for the purpose of this study designated as
RAW264.7-SR-negative) in which expression of SR is inhibited by specific SIRNA
(Figure 3E)

A decrease in the uptake of 30- and 150-nm gold colloids was observed in both parental
RAW264.7 cells pretreated with neutralizing antibody (Figure 3A) and in RAW264.7-SR-
negative cells (Figure 3B). The inhibition was more prominent with the smaller (30-nm)
nanoparticles than the larger (150-nm) nanoparticles (Figure 3A). Isotype control results
were more variable in the 150-nm experiment and resulted in some inhibition of gold
uptake. This issue is addressed in detail in the discussion. Zymosan A uptake is largely
dependent on complement receptor, therefore, we used zymosan A as a control. Uptake of
the zymosan A was not affected in RAW264.7-SR-negative cells (Supplementary Table 1 &
Supplementary Figure 2).

Clathrin-mediated pinocytosis is involved in the uptake of 30- but not 150-nm gold colloids

In order to further investigate routes of nanoparticle uptake by macrophages, we evaluated
the clathrin-mediated pathway. Pretreatment of cells with chlorpromazine hydrochloride (a
known inhibitor of the clathrin-mediated pathway) resulted in significant (close to 50%)
inhibition of the uptake of the small (30 nm) nanoparticles, but had nearly negligible affects
on uptake of the large (150 nm) gold colloids (Figure 3C). Because significant (~50%)
decreases in the uptake were observed in the absence of SR (Figure 3a & 3B), and in the
presence of clathrin-mediated endocytosis inhibitor (Figure 3C), we hypothesized that the
uptake of 30-nm colloids could be almost completely blocked by coinhibition of both routes
if these are the only two paths involved in uptake. To test this hypothesis, we performed an
experiment using one of our RAW264.7-SR-negative clones (4/2 C6) in the presence of
chlorpromazine hydrochloride, an inhibitor of clathrin-mediated endocytosis. This
experiment demonstrated a similar degree of inhibition of the uptake of 30-nm gold colloids
as observed in the chlorpromazine-alone experiment (compare Figures 3C & 3D). However,
inhibition of the uptake of the 150-nm gold colloids was significantly decreased in the
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presence of both SR and clathrin inhibition (Figure 3D) compared with chlorpromazine only
(Figure 3C).

Caveolin-mediated pinocytosis is involved in the uptake of both 30- & 150-nm gold

colloids

Since inhibition of SR-mediated phagocytosis and clathrin-mediated pinocytosis did not
result in complete inhibition of the uptake of gold colloids, we hypothesized that other
pathways must be involved. Caveolin-mediated uptake is another actin-independent form of
pinocytosis. We studied whether caveolin is involved in the uptake of gold colloids using
filipin 111, which inhibits caveolae formation. In the presence of filipin 111, a decrease in the
uptake of both 30- and 150-nm gold colloids was observed. The uptake of the smaller
colloids was slightly more affected than that of the larger particles; however, in both cases a
degree of the decrease was not significant compared with negative control (Figure 4a).

When filipin 11 was added to the RAW264.7-SR-negative cells (clone 4/2 C6), we observed
a decrease in the uptake of both the 30- and 150-nm colloids. However, the uptake was not
completely blocked and only the inhibition of the 30-nm gold uptake was statistically
significant (Figure 4B).

Discussion

We have reported previously that nanoparticle hydrodynamic size can be altered when the
nanoparticle is exposed to the biological matrix [19,20], as plasma proteins and other
molecules may adhere to the particle and increase its effective hydrodynamic diameter.
Hence, this study, which explored the dependence of routes of nanoparticle uptake on
particle size, included size measurement before and after incubation in plasma. One of the
aims of the current study was to verify whether the ‘rule of thumb’ that particulates smaller
than 100 nm cannot be phagocytosed [16], holds for gold colloids. We considered gold
colloids with various sizes (5, 10, 30, 50, 80 and 150 nm); however, the light scattering
properties of small (less than 30 nm) gold nanoparticles limits their detection
(Supplementary Figure 1). Binding of serum proteins (opsonization) causes an increase in
particle hydrodynamic size, and after opsonization, the effective hydrodynamic sizes of
colloids with nominal sizes of 50 and 80 nm were above the 100-nm limit (data not shown).
However, the final hydrodynamic size of the nominally 30-nm particles was below the 100-
nm limit after opsonization (Table 1), so our further experiments focused on two test cases:
30 nm, with size below 100 nm both before and after opsonization, and 150 nm, with size
above 100 nm both before and after opsonization. Since immune cells recognize and quickly
eliminate large aggregates, we verified that the particles used in this study did not aggregate
after introduction to cell culture medium. Gold colloids aggregate in PBS or cell culture
medium not supplemented with serum; opsonization prevents these particles from
aggregation (data not shown, see also [20]). The zeta potential is the electrical potential at
the surface separating the molecules that tumble with the nanoparticle in solution and the
molecules of the bulk solvent [25]. A nanoparticle’s zeta potential is related to its surface
charge, which has been shown to play a role in nanoparticle uptake and plasma—protein
binding [26-28]. Measurement of zeta potential allowed us to confirm that in spite of the
‘protein corona’ formed on the particle surfaces (indicated by the increase in particle surface
charge), both colloids remain anionic (Table 1). Since endotoxin contamination may
confound the results of in vitro studies such as cytokine secretion tests [21], and influence
phagocytosis by activating macrophages, we have also assessed commercial stocks of 30-
and 150-nm gold colloids for endotoxin contamination. Endotoxin was undetectable in both
formulations by Kinetic turbidity LAL test (<0.005 EU/mI) (Table 1).
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There are a variety of different metrics to measure the amount of gold administered to cells
and gold uptake: mass of gold; particle number; and surface area. Since each of these
methods has advantages and disadvantages and there is no standardized, formally accepted
dose metric for nanomaterials, we have tested a variety of dose metrics. The main selection
criterion was that the particles be detectable both before and after inhibitors were applied, so
that we could be confident in determining the action of the inhibitors. As a result of testing
multiple metrics, we selected mass of gold determined by inductively coupled plasma mass
spectrometry to dose the cells. We have used RAW264.7 murine macrophage cells as model
phagocytes. This model was selected for several reasons:

= This model is well established and well characterized, and has been used in many
phagocytosis studies (some of which are reviewed here [14]);

= |n contrast to all human monocyte/macrophage cell lines available through the
American Type Culture Collection, these cells are adherent, and the method we used to
assess particle uptake is limited to adherent cells;

= Use of this cell line allows us to avoid the high variability common in human donors;

= Delivery of siRNA to primary human macrophages or dendritic cells is challenged by
the low efficiency of traditional delivery vehicles and safety concerns associated with
using higher efficiency retroviral delivery systems.

To summarize the points described above, the discussion in the following section is obtained
using the following system: macrophage cell line RAW264.7 (hereafter referred to as
macrophages) and its derivative, obtained by viral transduction to deliver siRNA against SR
as model professional phagocytes; gold colloids with nominal size of 30 and 150 nm as
model gold nanoparticles.

Pretreatment of macrophages with cytochalasin D resulted in decreased uptake of both 30-
and 150-nm gold colloids (Figure 1a). We observed a similar decrease in uptake for
nanoparticles of both sizes with a lower dose of the inhibitor. Increasing the concentration of
cytochalasin D exhibited a complex effect on uptake: the internalization of the large-size
colloids (150 nm) was affected to a greater degree (>50%) than that of smaller (30 nm)
colloids. This finding suggested that either phagocytosis or macropinocytosis or both, are
involved in the uptake of gold colloids. Treatment with 5-(N,N-dimethyl)amiloride
hydrochloride did not result in a significant decrease in the uptake of either 30- or 150-nm
gold colloids (Figure 1B). These data do not rule out macropinocytosis as being involved in
the uptake of the gold colloids, especially since a macropinocytosis-specific positive control
(a viral particle) could not be estimated by our light microscopy method to verify the
potency of the inhibitor. However, these data suggest that macropinocytosis does not play a
major role in the macrophage uptake of gold colloids, irrespective of their size.

Proinflammatory reactions are commonly reported when phagocytosis of foreign material
occurs through complement receptor and FcyR [14]. This is in contrast to phagocytosis
mediated by SR, which requires actin polymerization but is not accompanied by a
proinflammatory response [14]. Since no cytokine induction (Table 3) and no significant
complement activation (Figure 2) were observed, we further focused on the SR-mediated
pathway. A decrease in the uptake of 30- and 150-nm gold colloids was observed in both
parental RAW264.7 cells pretreated with neutralizing antibody (Figure 3a) and in
RAW264.7-SR-negative cells (Figure 3B). The inhibition was more prominent with the
smaller (30 nm) nanoparticles than with the larger (150 nm) nanoparticles (Figure 3a). A
slight decrease in the uptake of 150-nm gold colloids was observed in cells pretreated with
isotype control antibody. The uptake of 30-nm colloids was not affected by the isotype
control antibody. The reason for this discrepancy is unknown. However, when isotype
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control data for 150-nm gold colloids are compared with data observed with neutralizing
antibody, a statistically significant decrease in the presence of high concentration of the
neutralizing antibody is seen. These data suggest that the observed inhibition is specific. The
results with engineered cells, further support specificity. We tested two clones designated
1/2 and 4/2C6; an inhibition of the uptake was observed in both clones, but was more
prominent in clone 1/2. These data are in agreement with results showing the expression of
the SR-A in these cells: while SR-A expression in clone 4/2C6 is significantly lower than in
parent cells, it is not complete, as evidenced by a weak band on western blot (Figure 3e, the
second lane compared with the first lane); a band corresponding to SR-A was below the
detection limit of the western blot for clone 1/2. Collectively, these data clearly indicate that
small (<100-nm diameter) gold nanoparticles can be phagocytosed, and that this
phagocytosis is mediated by the SR. Results obtained with the 150-nm colloids are, in
general, more variable than those for the 30-nm colloids. We do not know fully the reason
for this difference, but it could originate from the image analysis, in which subtraction of the
background and manual selection of the high density area could introduce errors. The small
(30 nm) and large (150 nm) particles have different light scattering properties and
resultantly, different degrees of brightness for the areas inside the cells corresponding to the
particles. The images were analyzed by two scientists to minimize subjectivity, but there is
still potential for variability due to the different appearance of these areas on digital images.
Since neutralization of SR and inhibition of actin polymerization did not completely
abrogate the uptake, we hypothesized that gold colloids may use more than one route to
enter the macrophage. An intriguing question whether such alternative route(s) is/are a
priori available to nanoparticles or stimulated only upon blocking the SR-dependent
internalization requires additional investigation.

In order to further investigate routes of nanoparticle uptake by macrophages, we evaluated
clathrin- and caveolin-mediated pathways. Clathrin-mediated endocytosis starts with the
recruitment of cargo (transferrin-, tyrosine kinase- or G-protein coupled receptors) into
developing clathrin-coated pits. These are subsequently formed into clathrin-coated vesicles.
The inhibition of this route can be performed using chemical agents such as chlorpromazine
hydrochloride. Pretreatment of cells with this inhibitor resulted in significant (close to 50%)
inhibition of the uptake of small (30 nm) nanoparticles, but nearly negligible effects on the
uptake of the large (150 nm) gold colloids (Figure 3C). Since both colloids are identical in
composition, surface charge and were manufactured using a common synthesis procedure,
these data suggest that the observed differential sensitivity is due to the particles size, and
that clathrin-dependent pinocytosis is involved in uptake of the small (30 nm) but not the
large (150 nm) gold nanoparticles. This finding is different from that of an earlier study,
which reported the uptake of approximately 90-nm cationic but not anionic polylactid
nanoparticles via a clathrin-dependent route [29]. However, our finding is in agreement with
a study that demonstrated that the uptake of transferrin-coated gold nanoparticles was
clathrin-mediated [4].Since significant (~50%) decreases in the uptake were observed in the
absence of SR (Figures 3a & 3B) and in the presence of clathrin-mediated endocytosis
inhibitor (Figure 3C), we hypothesized that the uptake of 30-nm colloids could be almost
completely blocked by coinhibition of both routes if only these two paths are involved in
uptake. To test this hypothesis, we performed the experiment using one of our RAW264.7-
SR-negative clones (4/2 C6) in the presence of chlorpromazine hydrochloride, an inhibitor
of clathrin-mediated endocytosis. This experiment demonstrated a similar degree of
inhibition of the uptake of 30-nm gold colloids as observed in the chlorpromazine-alone
experiment (compare Figures 3C & 3D). The results for 150-nm gold colloids were quite
different, in that the uptake of 150-nm gold colloids was decreased in the presence of both
SR and clathrin inhibition (Figure 3D) compared with when only chlorpromazine was used
(Figure 3C). These data suggest that the clathrin-mediated pathway is not a key route for
uptake of the 150-nm gold colloids, while SR plays an important role. Since inhibition of
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SR-mediated phagocytosis and clathrin-mediated pinocytosis did not result in complete
inhibition of the uptake of gold colloids, we hypothesized that other pathways must be
involved. Caveolin-mediated uptake is another actin-independent form of pinocytosis. We
studied whether caveolin is involved in the uptake of gold colloids using filipin 111, which
inhibits caveolae formation. In the presence of filipin 111, the uptake of both 30- and 150-nm
gold colloids decreased. However, the uptake of the smaller colloid was slightly more
affected than that of the larger particle. When filipin 111 was added to the RAW?264.7-SR-
negative cells (clone 4/2 C6), we observed a decrease in the uptake of both the 30- and 150-
nm colloids, but it also did not completely block uptake. This could suggest that other routes
are still involved, or that blocking certain routes may activate other endocytic routes to
compensate for the inhibition.

In summary, the main finding of this work is that small (less than 100 nm) gold colloids can
be phagocytosed, and that this phagocytosis is largely mediated by the macrophage SR.
Most known SR-A ligands (e.g., dSDNA, bacterial lipopolysaccharide and bacterial
lipoteichoic acid) are anionic; however, it is thought that negative charge is not the only
criterion for recognition by the SR-A [30]. Particles used in our study are an example of
anionic ligands, which can be taken up via SR. Our data are in agreement with other studies
showing internalization of 20-, 50- and 200-nm anionic polystyrene nanoparticles via
macrophage SR [12,13].

Conclusion

Within the limits of the used in vitro model phagocytic cells, the model test nanoparticles
and the multifocal microscopy method, we have demonstrated a difference in the endocytic
routes of uptake of gold colloids less than 100 nm in size and greater than 100 nm in size.
While actin polymerization is required for the uptake of both 30- and 150-nm gold colloids,
macropinocytosis does not appear to be a significant route. The small nanoparticles (30 nm)
seem to use a broader spectrum of internalization routes (including SR-, clathrin- and
caveolin-mediated pathways), while the larger nanoparticles (150 nm) are preferentially
taken up via the SR-route (and, at a lower level, the caveolin-mediated route). The lack of
secretion of inflammatory cytokines by phagocytic cells in the presence of tested gold
colloids supports the primary role of the SR in their uptake by macrophages in vitro.

Future perspective

Understanding the mechanisms of nanoparticle uptake by immune cells is important in the
field of nanomedicine, in that it aids in creating specific nanoparticle-based drug delivery
systems to target specific tissues, organs or cells, and avoid off-target toxicity. Each
individual nanoparticle formulation is unique and therefore, routes and mechanisms of
uptake may be specific to particular formulations. While it is impossible to design a study
that would address uptake questions applicable to all known nanomaterials, studies aimed at
understanding the uptake of individual nanoparticle platforms or individual formulations
create a knowledge-base. As multiple concepts are being evaluated and mechanisms of the
uptake are understood, such a knowledge-base will expand and, at some point, will allow the
identification of trends across a variety of nanoparticle platforms. The results presented in
this study involved one type of nanoparticle (anionic, citrate-stabilized gold colloids), an in
vitro testing in a model macrophage cell line. Future studies combining in vivo and ex vivo
experiments, various sizes and surface functionalities of gold colloids, as well as individual
gold-based nanomedicines, and focusing on the events that follow particle uptake through
different routes will provide a more complete context for our conclusions.
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Box 1

Eight pairwise complimentary oligonucleotides designed based on the
cDNA sequences of mMsrl and mMsr2 genes

mMsr1 (mouse Msr1) oligos

5TGCTGTTGACAGTGAGCGCGCAGTTAAATTCCTTGATTTCTAGTGAAGC
CACAGATGTAGAAATCAAGGAATTTAACTGCATGCCTACTGCCTCGGA3

5TGCTGTTGACAGTGAGCGCGTCCAGTCTGTGAAAGAAGAATAGTGAAG
CCACAGATGTATTCTTCTTTCACAGACTGGACTTGCCTACTGCCTCGGAY

5TGCTGTTGACAGTGAGCGATCAGAGTCCGTGAATCTACAGTAGTGAAG
CCACAGATGTACTGTAGATTCACGGACTCTGACTGCCTACTGCCTCGGAS

5TGCTGTTGACAGTGAGCGCTGACACTGCTTGATGTTCAACTAGTGAAGC
CACAGATGTAGTTGAACATCAAGCAGTGTCATTGCCTACTGCCTCGGA3

mM sr2 (mouse M sr2) oligos

5TGCTGTTGACAGTGAGCGATCGCAGTGTCTCAAAGCAGAGTAGTGAAG
CCACAGATGTACTCTGCTTTGAGACACTGCGAGTGCCTACTGCCTCGGAY

5TGCTGTTGACAGTGAGCGCGCTCTGCCTGTGCTCATTCAGTAGTGAAGC
CACAGATGTACTGAATGAGCACAGGCAGAGCTTGCCTACTGCCTCGGAY

5TGCTGTTGACAGTGAGCGAAGTGACCCTGTCCTGCAACACTAGTGAAG
CCACAGATGTAGTGTTGCAGGACAGGGTCACTGTGCCTACTGCCTCGGAS

/

5TGCTGTTGACAGTGAGCGCAGAGAGCATCTCCTCCGGTTCTAGTGAAGC
CACAGATGTAGAACCGGAGGAGATGCTCTCTTTGCCTACTGCCTCGGA3
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Executive summary

= In traditional immunology, phagocytosis is quantified by the number of bacterial
cells, yeast or polystyrene beads inside an individual phagocytic cell and reported as
the average number of ingested bacteria (yeast and beads) per cell. This
measurement is called the ‘phagocytic index’. Such a quantifier cannot be used to
study nanoparticle uptake, because all the available techniques are not sensitive
enough to provide individual particle counts inside cells. To overcome this obstacle,
we have developed a method based on multifocal imaging of at least 100 cells per
sample, followed by multifocal image analysis using NIH ImageJ software, which
measures high-density areas inside cells. We then expressed phagocytic index as the
mean area per cell.

= Some earlier studies have attempted to draw general rules for nanoparticle uptake,
suggesting that particles less than 100 nm in diameter enter cells via pinocytosis,
while larger particles (above 100 nm) are phagocytosed. This conclusion was based
on a metastudy of basic research focusing on the uptake of biological particulate
matters (such as viruses, bacteria and model polystyrene beads) and therefore, may
not be applicable to all engineered nanomaterials. In the present study, we use
commercially available citrate-stabilized colloidal gold nanoparticles of two
different sizes — one below 100 nm and the other above 100 nm, as a test case to see
if this rule extends to colloidal gold nanoparticles.

= To reflect physiological conditions that nanoparticles used in nanomedicine
experience after entering the body, the studies with gold colloids were opsonized
with human serum. Formation of protein corona around the particles resulted in
change in particle hydrodynamic size and zeta potential. Opsonized particles
remained anionic and the size of smaller particles was still below the 100 nm of the
threshold under investigation.

= Inhibition of actin polymerization resulted in decrease in the uptake of both 30- and
150-nm gold colloids, suggesting that particles with size less than 100 nm can be
phagocytosed.

= Further investigation using neutralizing antibody and engineered cell line
demonstrated that macrophage scavenger receptor A is involved in phagocytosis of
gold colloids in vitro.

= Experiments using chemical inhibitors against individual pinocytosis pathways
alone or in combination have demonstrated that clathrin- and caveolin-mediated
pinocytosis are also involved, and that particles can change the uptake routes
depending on what pathway(s) is/are available at a given time.

= Macrophage uptake and resulting liver and spleen accumulation, is a common
challenge for nearly all intravenously administered nanomedicines. Each
nanoformulation is unique, and it is impossible to design a study that would be
broadly applicable to the entire gold-based nanomedicine field, this is why the
results of our study need to be explored further with individual gold-based
nanomedicines. Studies exploring which physicochemical properties (such as
particle size used in our study) influence routes of uptake, will substantially improve
the field of nanomedicine.
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Figure 1. Uptake of gold colloids in the presence of actin polymerization and macropinocytosis
inhibitors

RAW264.7 cells were incubated with 30- and 150-nm gold colloids with or without the
presence of: (A) an inhibitor of actin polymerization (cytochalasin D) or (B) an inhibitor of
macropinocytosis (5(N,N,-dimethyl)amiloride hydrochloride). Each sample was analyzed in
duplicate and the experiment was repeated twice. Each data point contained at least 100
multifocal images. Shown is mean value (n = 2).

*p <0.05.
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Figure 2. Complement activation

Human sodium—citrate stabilized plasma obtained from three healthy donor volunteers was
methods. Concentration
of gold colloids was 50 pg/ml based on total amount of gold determined by the inductively
coupled plasma mass spectroscopy. Each sample was analyzed in duplicate. Shown is a
mean result (n = 2%CV <10). Cobra venom factor, used as a positive control, activates
activation is seen in the
C4d assay. The test results for the positive control in iC3b assay was high (1375.0 £ 0.05 pg/
ml). The scale was changed to magnify the lower area; the arrow and the number above the
this sample.

treated with NC, PC or nanoparticles as described in Materials and

complement system through an alternative pathway, this is why no

PC value in the iC3b assay are used to show the actual response in
NC: Negative control; PC: Positive control.
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Figure 3. Uptake of gold colloids in the presence of inhibitors of scavenger receptor and clathrin
RAW264.7 cells were incubated with 30- and 150-nm gold colloids with or without the
presence of inhibitors that block the scavenger receptor and clathrin-mediated pathway. (A)
Scavenger receptor was inhibited by MSR-1-specific neutralizing antibodies. (B) Expression
of scavenger receptor was inhibited by siRNA. (C) Clathrin-mediated uptake was inhibited
with chloropromazine hydrochloride. (D) Inhibition of both clathrin and scavenger receptor-
mediated uptake was achieved by incubating nanoparticles with siRNA-bearing cells in the
presence of chloropromazine hydrochloride. Each sample was analyzed in duplicate and the
experiment was repeated twice. Each data point contained at least 100 multifocal images.
Shown is mean value (n = 2). (E) Analysis of the SR-A expression by parental RAW264.7
cells and cells transduced with SR-A-specific SiRNA bearing construct. Cell lysates were
analyzed by western blot using monoclonal antibody directed against SR-A to control SR-A
expression and anti-p-actin antibody to control protein loading.

*p < 0.05 when compared with negative control; **p < 0.05 when compared with isotype
control.

SR-A: Scavenger receptor A.
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Figure 4. Uptake of gold colloidsin the presence of inhibitors of scavenger receptor and caveolin
RAW264.7 cells were incubated with 30- and 150-nm gold colloids with or without the
presence of inhibitors that block scavenger receptor and caveolin-mediated pathway. (A)
Caveolin-mediated uptake was inhibited with filipin 111. (B) Inhibition of both caveolin- and
scavenger receptor-mediated uptake was achieved by incubating nanoparticles with SiRNA
bearing cells in the presence of filipin I1l. Each sample was analyzed in duplicate and the
experiment was repeated twice. Each data point contained at least 100 multifocal images.
Shown is the mean value (n = 2).

*p <0.05.
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Table 1

Particle size and zeta potential were analyzed as described in the experimental section.

Gold concentration  Endotoxin

Particles Sizeby DLS
by ICP-MS (ug/ml)  (EU/MIT

(nominal size)  Intensity-weighted peak (nm) Zetapotential (mV)

Before After Before After
30 nm 34.4+0.2 94.8 £0.2 -382+12 -164+0.6 48.0%3.9 <0.005
150 nm 149.8+0.7 263.6 £4.7 -46.3+09 -204+19 425+37 <0.005

Tl ml of commercial stock contained 48.0 + 3.9 or 42.5 + 3.7 pg of gold for 30- and 150-nm gold colloids, respectively.

Shown is mean result plus or minus standard deviation based on 12 data points (n = 12). Before and after refer to opsonization with human serum.
For endotoxin quantification each sample was analyzed three times, each analysis was performed in duplicate, shown is mean result (%CV less
than 20).

DLS: Dynamic light scattering; ICP-MS: Inductively coupled plasma mass spectrometry.
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Inhibitors used in the present study.

Table 2

Page 22

Endocytic portals Main proteins
implicated

Phagocytosis Actin, dynamin

Macropinocytosis  Actin, dynamin

Clathrin mediated Dynamin; clathrin
triskelions also actin
and many others

Caveolin mediated  Caveolins, also actin

and others
Clathrin/caveolin-  Actin, GRAF1
independent
endocytosis

Main inhibitor

Cytochalasin D

5-(N,N-dimethyl)amiloride
hydrochloride

Chlorpromazine
hydrochloride
Filipin 11

Combinations of inhibitors

Effect induced by inhibitor

Prevents F-actin polymerization

Inhibitor of membrane Na*/H*
ATPase

Blocks endocytosis via
clathrin-coated pits

Inhibitis caveolae formation

Notes

Cytochalasin D also
affects macropinocytosis

This is a summary of inhibitors used in our study. Shown are the effects induced by the inhibitor and the mechanism of its action [22-24].
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