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ABSTRACT Significant quantities of synthetic nanoparticles
circulating in the body are cleared and retained for long periods
of time in the resident macrophages of the mononuclear phagocytic
system (MPS), increasing the likelihood of nanoparticle-mediated
chronic toxicity. To date, there has been limited effort to understand
how these nanoparticles leave the macrophages. Here, we demon-
strate that the native surface chemistries of gold nanoparticles
(GNPs) and their subsequent opsonization by serum proteins play
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critical roles in the exocytosis patterns in macrophages. The cationic

GNPs were retained in the cells for a relatively long time, likely due to their intracellular agglomeration. In contrast, the PEGylated GNPs migrated in the
cytoplasm in the form of individual particles and exited the cells rapidly because the PEG coating mitigated interactions between GNPs and intracellular
proteins. Additionally, their exocytosis pattern was not significantly governed by the size, particularly in the range from 10 to 40 nm. These results suggest

that systemic excretion and toxicity of nanoparticles cleared in the MPS could be modulated by engineering their surface chemistry.

KEYWORDS: exocytosis - gold nanoparticle - macrophage - nanotoxicity - surface chemistry

ynthetic nanoparticles engineered for

systemic administration into the body

have great potential for detection and
treatment of complex human diseases.'
Despite significant effort to improve their
targeting capability, significant quantities
of nanoparticles in circulation are eventually
cleared by the mononuclear phagocytic
system (MPS),>~'° part of the immune sys-
tem consisting of phagocytic cells. Among
various MPS cell types, the Kupffer cells of
the liver and red pulp macrophages of the
spleen play major roles in clearing, proces-
sing, and degrading the nanoparticles. Op-
sonin proteins in the blood rapidly adsorb to
the nanoparticle surface, forming a protein
corona."' ' Opsonin-coated nanoparticles
are then recognized and taken up by MPS
cells, and finally trapped in the lysosomes
for a relatively long period, depending on
their physicochemical properties.*>”# Such
long retention times increase the likelihood
of nanoparticle-mediated chronic toxicity in
the MPS via inflammation or immunological
responses.*'>1® Thus, assessing the fate of
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nanoparticles in the resident macrophages
of the MPS is important to clarify their in vivo
potential toxicity.

Much progress has been made in under-
standing the size, shape, and surface chem-
istry effects of non-biodegradable nano-
particles on macrophage endocytosis.'” 2’
Nanoparticles smaller than 100 nm report-
edly enter macrophages by macropinocyto-
sis, or scavenger receptors.2>?~2* However,
relatively little attention has been given to
how these nanoparticles leave the macro-
phages, i.e., the mechanism behind systemic
excretion.>*>~%’ Various nanoparticle for-
mulations, such as polymeric nanoparti-
cles, 3% gold nanopoarticles,' 3> carbon
nanotubes®**” metal oxide nanoparticles, >
quantum dots,**~*?> mesoporous silica nano-
particles,"*** and nanodiamonds,** have
been tested to characterize their exocytosis
in many types of cells, primarily cancer cells;
these studies yielded several important find-
ings: nanoparticle exocytosis is an energy-
dependent process and is influenced by
nanoparticle size, surface chemistry, shape,
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and cell type. However, to our knowledge, only
two brief reports have investigated the exocytosis of
surface-tailored nanoparticles in macrophages.'>>®
Fischer et al. examined the exocytosis of surface-
functionalized quantum dots (QD) in primary murine
Kupffer cells for ~400 min; however, this time was
too short to observe complete excretion of the intra-
cellular QDs."” Serda et al. also examined the surface
chemistry-dependent exocytosis of magnetic nano-
particles (MNP) delivered into murine macrophages
by porous silicon microcarriers; the native surface
properties of MNPs embedded in the microcarriers
were secured during cellular uptake.®® This outcome
is different from that observed in in vivo situations, in
which the nanoparticles are usually coated with serum
proteins prior to cellular uptake. Thus, more systematic
investigation is essential to better clarify their exo-
cytosis process in MPS-associated macrophages.

Cellular uptake and biodistribution of gold-based
nanomaterials have been extensively investigated in
terms of their biosafety, due to their tremendous
potential in medical applications (e.g., gold salts ap-
proved for rheumatoid arthritis therapies*?).'83147 30
However, lack of knowledge about how the MPS rids
itself of these nanoparticles has impeded their clinical
translation. Particularly in the liver, these nanoparticles
must escape macrophages and migrate to hepatocytes
to be excreted through the hepatobiliary system. Their
long-term retention in macrophages has been shown
to induce inflammation and apoptosis in the liver.*
Although several studies have demonstrated hepato-
biliary clearance of systemically injected gold-based
nanomaterials over the long-term,%°'2 none have
reported complete excretion of the nanomaterial from
the MPS within a reasonable period of time (excretion
percentage: ~50% of poly(ethylene glycol) (PEG)ylated
gold nanorods at two months post-injection,® and
~10% of anionic gold nanoparticles at six months
post-injection®’). We believe that the potential for
in vivo toxicity from gold-based nanomaterials could
be reduced if they are designed to efficiently facilitate
exocytosis of the MPS macrophages. Thus, we system-
atically assessed the effect of size and surface chem-
istry of monodisperse gold nanoparticles (GNPs) on
exocytosis patterns in macrophages in vitro. This
exocytosis mechanism in macrophages is discussed
here in an effort to elucidate it and thereby improve
efficiency.

RESULTS AND DISCUSSION

To engineer the design parameters for efficient exo-
cytosis in macrophages, GNPs with various sizes and
surface chemistries were prepared (Figure 1). We were
particularly interested in studying the cellular fate of
GNPs smaller than 50 nm, because smaller sizes are
favorable for systemic injection. Citrate-coated GNPs
(average sizes: ~10, 20, and 40 nm) were synthesized
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using a previously established method,*® and used as
anionic GNPs. Zwitterionic and PEGylated GNPs were
then prepared by coating the citrated GNPs with
cysteine and methoxy-PEG (mPEG)-sulfhydryl (2k) mol-
ecules, respectively. Cysteamine-coated GNPs (average
sizes: ~10, 20, and 40 nm) were also synthesized for
cationic GNPs using methods specified in previous
studies.**> Subsequently, all GNP formulations were
coated with serum proteins prior to macrophage treat-
ment, to mimic the opsonization process in blood
circulation (Figure 1a). Transmission electron micro-
scopy (TEM) revealed that all GNP formulations were
fairly spherical with uniform diameters (Figure 1b and
Supporting Information Figure S1). The average hydro-
dynamic diameters (HD) were slightly larger than
the diameters observed using TEM, because TEM
images did not reveal the organic-molecule coating
(Figure 1c). The zeta potential results prior to serum
coating well reflected the characterizations of the
organic coatings. After serum coating, the HDs of all
GNP formulations increased (regardless of their initial
size) by ~10 nm for PEGylated GNPs, ~15 nm for
cationic GNPs, and ~20 nm for other GNPs. Gel elec-
trophoresis and thermogravimetric analysis (TGA)
results, with proteins eluted from the GNPs, also sup-
ported the surface chemistry dependency on serum
protein adsorption (Supporting Information Figure S2),
which is in accordance with previous findings.>%>’
Zeta potential measurements revealed an anionic
surface charge ranging from —40 to —15 mV for all
GNP formulations, regardless of their original charge,
reflecting the charges of the adsorbed proteins.>® The
protein coating can also cause a slight shift in the
absorption spectra to longer wavelengths by ~5 nm.
The PEGylated surface exhibited the lowest protein
adsorption, as described in previous reports.>®>°

Aggregated or agglomerated forms of nanoparticles
influence their endocytosis patterns.*® In this study, we
focused on the exocytosis of GNPs taken up by macro-
phages in the form of individual particles. To determine
whether the serum-coated GNPs were stable under the
given test conditions, their HD and absorption spectra
were monitored for 6 h (the incubation time for their
endocytosis in the following experiments) in serum-
free media at 37 °C using a dynamic light scattering
(DLS) instrument and an ultraviolet—visible (UV/vis)
spectrometer, respectively. The shift and broadening
of the absorption spectrum indicate their aggregation/
agglomeration.*® The HDs and absorption spectra of
the GNP formulations did not change significantly
(Supporting Information Figures S3 and S4), suggest-
ing that no aggregation or agglomeration occurred
during the incubation period. Thus, our experimental
setup allowed single serum-coated GNPs to interact
with macrophages in vitro.

Systemically administered nanoparticles interact
with circulating monocytes and eventually accumulate
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NP Surface TD (nm) HD (nm) ZP (mV) Peak (nm) HD [% increase] (nm) ZP (mV) Peak (nm)
G10A  Anionic  10.52+0.72 14.41+161 -29.28+1.28 520 36.03 +1.51[150 %] -28.39 + 1.91 525
G10C  Cationic 9.43+0.98 1348+0.29 26.33+1.98 520 30.64 +2.52[127 %] -20.09 +0.76 525
G10Z Zwitterionic 16.26 £2.27 -0.92 +0.53 520 36.12+2.34[122 %] -21.27+1.63 525
G10P PEGylated 2542+125 -27.54+265 525 37.22+187[ 46 %] -29.61+257 530
G20A  Anionic 20.05+0.12 26.86+1.85 -38.40+ 1.09 525 48.22+1.22[ 80 %] -40.01+2.37 530
G20C  Cationic 19.95+0.28 29.02+2.80 47.12+3.12 525 40.79+1.48[ 41 %] -23.58+1.45 530
G20Z Zwitterionic 27.23+3.02 0.12+272 525 47.51+0.93[ 74 %] -15.56 + 1.72 530
G20P PEGylated 3593+1.31 -13.55+2.54 530 44.09+1.31[ 23%] -34.74 +1.69 535
G40A  Anionic 40.45+3.36 4549+122 -355+2.34 535 66.28 +2.09[ 46 %] -36.45+2.63 540
G40C  Cationic 42.45+264 47.79+1.64 40.03+2.46 535 62.31+0.98[ 30 %] -22.07+1.86 540
G40Z  Zwitterionic 48.84+0.46 0.13+1.61 535 65.38+1.99[ 34 %] -25.89+0.78 540
G40P PEGylated 5515+ 091 -15.18+3.25 540 66.02+1.54[ 20 %] -30.98 + 1.11 545

Figure 1. Preparation and characterization of serum-coated gold nanoparticles. (a) Coating procedure of gold nanoparticles
(GNPs). Citrate-coated GNPs with averages sizes of ~10, 20, and 40 nm were first synthesized and used as anionic GNPs.
Zwitterionic and PEGylated GNPs were then prepared by coating the citrated ones with cysteine and mPEG-sulfhydryl (2k)
molecules, respectively. Cysteamine-coated GNPs were also synthesized for cationic ones. Subsequently, all GNP formula-
tions were further coated with serum proteins prior to treating macrophages. (b) Transmission electron microscopic images
of citrate- (left) and cysteamine-coated (right) GNPs with average diameters of ~10 (top), 20 (middle), and 40 nm (bottom).
Scale bar is 20 nm. (c) Characterization of surface-functionalized GNPs before and after serum coating. The number after the G
(GNP identifier) designates the size. The letters A, C, Z, and P indicate anionic, cationic, zwitterionic, and PEGylated surface,
respectively. The physical diameters (TEM diameter (TD)) were determined from the images obtained with TEM (n = 10). The
hydrodynamic diameters (HD) and zeta potentials (ZP) were determined based on dynamic light scattering (DLS) measure-
ments (n = 3). The peak represents the maximum peak of absorption spectrum of GNPs. All data of TD, HD, and ZP are means +
SD (n=3).

in the resident macrophages of the MPS. Thus, we first
evaluated the endocytosis of various GNP formulations
in both monocytes and macrophages, before assessing
their subsequent exocytosis. Human macrophage-like
U937 cells were selected as the MPS macrophage
model, because these are capable of efficient phago-
cytosis of foreign materials.?°7%* Undifferentiated
(monocytes) or phorbol-12-myristate-13-acetate (PMA)-
differentiated U937 cells (macrophages) were treated
with each formulation of serum-coated GNPs for 6 h
in serum-supplemented media at 37 °C to saturate
their endocytosis.'>?%?8 The quantities of GNPs taken
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up by cells 6-h post-treatment were measured using
inductively coupled plasma mass spectrometry (ICP-MS).
Dark field microscopy (DFM) was used to visualize the
cellular uptake with the strong scattering property.
The scattering signal can be also used to estimate
the aggregated state of GNPs in the cells; aggregated
GNPs appear as orange-red and single GNPs appear as
green-yellow.®® Only a small amount of GNP formula-
tions was observed in the monocytes, although cationic
GNPs exhibited a relatively higher cellular uptake
(Figure 2a,c). ICP-MS results revealed that in the macro-
phages, cellular uptake of cationic GNPs was higher
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Figure 2. Endocytosis of serum-coated gold nanoparticles in monocytes and macrophages. (a and b) Amount of gold
nanoparticles (GNPs) taken up by monocytes (a) and macrophages (b). The amount of intracellular GNPs was determined by
ICP-MS after the cells were treated with GNPs for 6 h. (c and d) Dark field microscopic images of serum-coated GNPs taken up
by monocytes (c) and macrophage (c). The intracellular GNPs were imaged using a dark field microscope after the cells were
treated with GNPs for 6 h. Scale bars indicate 10 #um. Data represent means + SD (n = 3, *p < 0.05, and **p < 0.01, analyzed by

two-way analysis of variance, followed by Bonferroni test).

than that of other GNPs, regardless of their size
(Figure 2b). Our results also demonstrated that the
PMA-differentiated U937 cells preferentially interna-
lized the 20 nm-diameter GNPs, compared with the
10 and 40 nm GNPs. Moreover, DFM images displayed
significantly more orange-red dots in the cells treated
with cationic GNPs, compared with those having other
GNPs; this indicated the presence of aggregated
GNPs, presumably in the endosomes and lysosomes
(Figure 2d), supporting the ICP-MS results. In contrast,
PEGylated GNPs were inefficient in entering the macro-
phages; the internalized ones appeared as yellowish
dots in DFM images, indicating their intracellular reten-
tion in the form of individual particles. Collectively,
these results suggest that the native surface properties
of GNPs, which would be associated with type and
quantity of adsorbed serum proteins via hydrophobic
or electrostatic interactions, primarily determine their
endocytotic fate.

Most of the nanoparticles taken up by macro-
phages undergo translocation from endosomes to
lysosomes,®*%” where they are further processed for
digestion. However, to date, few studies have investi-
gated the exocytotic fate of non-biodegradable nano-
particles. We next examined how the size and surface
chemistry of GNPs mediated serum protein adsorption,
subsequent endocytosis, and eventual exocytosis in
macrophages. PMA-differentiated U937 cells were
treated with each formulation of GNPs for 6 h in
serum-supplemented media at 37 °C, and were then
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extensively washed to remove any weakly bound GNPs
on the plasma membrane; the samples were further
incubated for 48 h in GNP-free serum-supplemented
media. To measure the quantity of GNPs exocytosed
from the cells, supernatants were collected over a 48-h
post-incubation period, and the amount of Au ions
in the supernatants was analyzed using ICP-MS. The
resulting exocytosis pattern represented the percen-
tage of GNPs that remained in the macrophages
at each time point after incubation in the GNP-free
media. Our results demonstrated that, regardless of
size, cationic GNPs remained in cells longer than any
other formulations, while PEGylated GNPs exhibited
the highest rate of exocytosis (Figure 3a—c). Previous
finding also revealed that cationic (polyethylenimine-
coated) nanoparticles (diameter: ~130 nm) were exo-
cytosed more slowly in cancer cells, compared with
anionic (phosphate-modified) ones.** For internalized
cationic GNPs with diameters of ~10, 20, and 40 nm,
25.01, 20.32, and 37.30%, respectively, were extracel-
lularly released within 48 h. In contrast, 83.34, 71.65,
and 81.08% of intracellular PEGylated GNPs with dia-
meters of ~10, 20, and 40 nm, respectively, underwent
exocytosis within 48 h. The anionic and zwitterionic
GNPs exhibited medium exocytosis rates between
those of PEGylated and cationic ones. Additionally, it
was unlikely that their exocytosis patterns were influ-
enced by the size range tested here (10—40 nm)
(Supporting Information Figure S5), indicating that
surface properties of the GNPs are a more dominant
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Figure 3. Exocytosis of serum-coated gold nanoparticles in macrophages. (a—c) Exocytosis rate of serum-coated gold
nanoparticles (GNPs) with sizes of 10 (a), 20 (b), and 40 nm (c) in macrophages. Macrophages were treated with serum-coated
GNPs for 6 h, washed, and further incubated in the GNP-free media for 6, 24, or 48 h. At each time post-incubation, the
supernatant of cells were collected and the amount of GNPs exocytosed from the cells during the incubated period was
determined by ICP-MS. (d—f) Dark field microscopic images of serum-coated GNPs with sizes of 10 (d), 20 (e), and 40 nm (f),
resident in macrophages at 0 and 48 h postincubation. (g—i) Multiphoton microscopic images of serum-coated GNPs with
sizes of 10 (g), 20 (h), and 40 nm (i), resident in macrophages at 0 and 48 h post-incubation. Excitation wavelength at 800 nm
was used to image multiphoton luminescence of GNPs, while emission wavelengths ranging from 500 to 650 nm were
collected. Scale bars indicate 10 um. Data represent means =+ SD (n = 3, *p < 0.05 and **p < 0.01 between the data at 48 h,

analyzed by two-way analysis of variance, followed by Bonferroni test).

factor in determining cellular excretion of GNPs smaller
than 40 nm. This differs somewhat from a previous
report that the exocytosis rate of transferrin-coated
GNPs (with diameters of 14—100 nm in cancer cells)
is proportional to their size.3! Specific ligand—receptor
interactions play critical roles in mediating the exocy-
tosis of transferrin-coated GNPs, whereas nonspecific
interactions between coated serum proteins and plas-
ma membranes seem to be mainly responsible for the
exocytosis of serum-coated GNPs here.

Exocytosis patterns were also visualized using both
DFM and multiphoton excitation microscopy. Particu-
larly, intrinsic multiphoton luminescence of GNPs al-
lowed clear visualization of their intracellular fate.®®5°
The DFM and multiphoton microscopic images at 48-h
post-incubation revealed more orange-red dots, indi-
cating the formation of aggregated GNPs and stronger
luminescence signals were observed in cells treated
with cationic GNPs, respectively, compared with those
treated with other formulations (Figure 3d—i and
Supporting Information Figure S6), supporting the ICP-
MS results. Importantly, the multiphoton microscopic
images revealed that the luminescence signals of intra-
cellular GNPs in the perinuclear regions decreased over
time, suggesting that they were indeed exocytosed
from the cytoplasm, presumably after passing through
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lysosomes. Lastly, the GNP treatment did not induce any
significant cytotoxicity within the tested exocytosis
time period (Supporting Information Figure S7). To-
gether, these results suggest that the surface properties
of GNPs, prior to serum coating, also play a primary role
in determining their exocytosis fate in macrophages.
Lastly, we further investigated the intracellular fates
of 20 nm cationic and PEGylated GNPs in macro-
phages, due to the dramatic difference in their exocy-
tosis rates. We first observed their exocytosis processes
using TEM: the GNP-treated macrophages were incu-
bated in GNP-free media for 24 or 48 h, fixed, sliced,
and visualized using TEM. Immediately after the 6-h
treatment, most of the cationic GNPs appeared ag-
glomerated in the endosomes, while PEGylated GNPs
were observed in the cytoplasm, in the form of indivi-
dual particles (Figures 4a—d). During exocytosis, large
agglomerates of cationic GNPs enclosed in the vesicles
appeared to migrate slowly in the cytoplasm, and
were then excreted from the cell by lysosomal fusion
with the plasma membrane. In contrast, individual
PEGylated GNPs, either trapped in the vesicles or in
the cytosol, were more likely to move rapidly toward
the plasma membrane, without agglomeration, and exit
the cell, presumably via diffusion. Gel electrophoresis
results with proteins eluted from the exocytosed GNPs
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Figure 4. Exocytosis processes of 20 nm cationic and PEGylated gold nanoparticles. (a and b) Transmission electron
microscopic (TEM) images of exocytosis process of serum-coated cationic (a) or PEGylated (b) gold nanoparticles (GNPs) in
macrophages. Macrophages were treated with serum-coated GNPs, washed, and further incubated in the GNP-free media for
24 or 48 h. At each time post-incubation, the cells were collected, fixed, and examined by TEM to visualize the exocytosis
process of intracellular GNPs. The magnified images on the right side come from the squares in the corresponding images on
the left side. (c and d) TEM images showing the exocytosis of serum-coated cationic (c) or PEGylated GNPs (d). GNPs from the
plasma membrane of macrophages. (€) Coomassie blue-stained gel staining of GNPs exocytosed from macrophages. At 48 h
post-incubation; the exocytosed GNPs were collected from the supernatant by centrifugation. The proteins were eluted from
the nanoparticles in sample loading buffer and separated by gel electrophoresis. Untreated cell lysates and 0.5% FBS were
used as controls. The number after the G (GNP identifier) designates the size. The letters A, C, Z, and P indicate anionic,
cationic, zwitterionic, and PEGylated surface, respectively. Arrow heads and C indicate GNPs and cytoplasm, respectively.

revealed that the PEGylated GNPs were likely to interact
with fewer intracellular proteins during the exocytosis
process, compared with cationic GNPs (Figure 4e). It was
previously reported that the binding stability between
nanoparticles and intracellular proteins could enhance
the intracellular retention of nanoparticles.”® Thus, these
results suggest that the PEG coating may mitigate
interactions between GNPs and intracellular proteins,
thereby facilitating exocytosis. TEM images of GNPs
excreted to the media, 48-h post-incubation, exhibited
many cationic GNP agglomerates in the extracellular
solution, whereas the exocytosed PEGylated GNPs were
in the form of individual particles (Supporting Informa-
tion Figure S8). The broadened absorption spectrum
of exocytosed cationic GNPs also indicated their ag-
glomeration, supporting the TEM results (Supporting
Information Figure S9). Additionally, no exocytosed
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membrane vesicles enclosing the GNPs were observed
in the TEM images of either formulation, which is
different from previous observations.3®”"

We also investigated whether the initial intracellular
concentration of GNPs would influence their exocyto-
sis rate (8006153 particles/cell for cationic GNPs versus
898585 particles/cell for PEGylated GNPs; Figure 2b).
The initial concentration of cationic GNPs in the cells
treated at gold ion concentrations of 15 M Au was similar
to that of PEGylated GNPs in the cells treated at 150 uM
Au (Supporting Information Figure S10a). Neither did cat-
ionic GNPs (15 and 150 uM Au) exhibit a significant
difference in exocytosis rate, although the initial intra-
cellular concentration in the cells treated at 150 uM Au
was ~8x higher than in that in cells treated at 15 uM
Au (Supporting Information Figure S10b). Thus, the
exocytosis of PEGylated GNPs was faster than that of
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cationic GNPs, even at similar initial intracellular GNP
concentrations. Additionally, it was found that the
exocytosis rate of PEGylated GNPs was similar to that
of PEGylated gold nanorods (GNR) with aspect ratio of
~4.6 (Supporting Information Figure S11), indicating
that the exocytosis pattern of PEGylated GNPs is not
significantly influenced by their shape. These results
confirm that the exocytosis pattern of GNPs is indeed
dependent on their native surface properties.

CONCLUSIONS

In summary, we demonstrated that the native
surface chemistries of GNPs and their subsequent
opsonization by serum proteins play a critical role in
the exocytosis patterns in macrophages. The cationic
GNPs were retained in the cells for a relatively long
time, while the PEGylated GNPs exhibited the highest

MATERIALS AND METHODS

Preparation of Gold Nanoparticles. Citrate-capped gold nano-
particles (GNPs) with averages sizes of ~10, 20, and 40 nm were
synthesized using previously established method®* and were
used as anionic GNPs. Briefly, 20 mL of 1.0 mM HAuCl,-3H,0
(Sigma) was brought to a boil in a 100 mL bottle and 2.0, 1.6, or
1.0 mL of 38.8 mM trisodium citrate (Sigma) was added for 10, 20,
or 40 nm GNPs, respectively. The color of mixture solution
changed from yellow to dark red over 5 min. After a boiling
and stirring period of 15 min, the GNP solution was kept
under room temperature. Zwitterionic and PEGylated GNPs
were prepared by coating the citrated GNPs with cysteine
and mPEG-sulfhydryl (2k) molecules, respectively. Briefly, for
zwitterionic and PEGylated GNPs, 1 mL of 150 uM Au citrated-
capped GNPs was mixed with 70 uL of 0.001T M L-cysteine
(Sigma) and 25 mg of mPEG(2K)-SH (Sunbio, South Korea),
respectively. The mixture was vortexed under room tempera-
ture overnight. On the other hand, cysteamine-coated GNPs
with averages sizes of ~10, 20, and 40 nm were directly
synthesized for cationic GNPs using different methods from
those used for citrated-coated GNPs.>*** For cystamine-coated
GNPs with a diameter of 10 nm, 400 uL of 84.5 uM cysteamine
(Sigma) was added to 40 mL of 1.4 mM HAuCl, solution. After a
stirring period of 20 min, T mL of 1 mM NaBH, solution was
added dropwise for 2 min. The mixture was stirred for 12 h at
room temperature. For larger cystamine-coated GNPs, 400 L of
213 mM cysteamine was added to 40 mL of 1.42 mM HAuCl,
solution. After a stirring period of 20 min at room temperature,
10 or 30 uL of 10 mM NaBHj, solution was added to the mixture
for cysteamine-coated GNPs with diameters of 20 or 40 nm,
respectively. The mixture was vigorously stirred for 25 min at
room temperature. To remove free organic chemicals, the
solution was dialyzed against ultrapure water. For PEGylated
gold nanorods (GNR) with aspect ratio of ~4.6, the seed solution
was prepared by mixing 5 mL of 0.2 M cetyltrimethylammonium
bromide (CTAB, Sigma), 5 mL of 0.5 mM HAuCl, (Sigma), and
0.6 mL of 0.01 M NaBH, (Sigma) and aged for 2 h. To grow the
seed into the rod shape, 12 uL of seed solution was mixed with
5 mL of 0.2 M CTAB, 5 mL of 1 mM HAuCl,, 250 uL of 4 mM
AgNOs, and 70 uL of 78.84 mM ascorbic acid at 25 °C. The
synthesized GNRs were washed by centrifugation at 10 000 rpm
for 10 min, resuspended in ultrapure water, and coated with
3 mg/mL of mPEG(5K)-SH. For serum coating, all GNP formula-
tions were incubated with 10% fetal bovine serum (FBS) solution
(in ultrapure water) for 1 h at room temperature and then washed
to remove unbound serum proteins by repeated centrifugation
at 12000 rpm for 30 min. The serum-coated GNPs were finally
resuspended in 1 mL of phosphate-buffered saline (PBS).
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exocytosis rate. Intracellular agglomeration of cationic
GNPs seemed to delay their exocytosis, whereas
PEGylated GNPs, migrating in the cytoplasm in the
form of individual particles, were excreted rapidly.
We also observed that the exocytosis pattern of GNPs
was not significantly governed by their size, particu-
larly in the range from 10 to 40 nm. Although in vivo
systematic work is still required, our findings suggest
that exocytosis of GNPs in the macrophages and their
subsequent systemic excretion could be modulated
by engineering their surface chemistries. Currently, we
are investigating the detailed intracellular molecular
mechanisms governing the complex exocytosis pro-
cess of GNPs in macrophages. We believe that the
results of the present study demonstrate promising
possibilities for the clinical translation of gold-based
nanomaterials.

Characterization of Gold Nanoparticles. The absorption spectra
were characterized with UV/vis spectrometry (Molecular
Devices). The size and morphology were observed with a field
emission-transmission electron microscope (FE-TEM, JEOL). The
hydrodynamic size and zeta potential were measured at 25 °C
using a dynamic light scattering (DLS) instrument (Malvern
Instruments). To test colloidal stability of serum-coated GNPs
in the physiological condition, the hydrodynamic size and
absorption spectrum were monitored hourly for 6 h in serum-
free media at 37 °C using DLS instrument and UV/vis spectro-
meter, respectively. To identify the serum proteins adsorbed on
the GNP surface, the serum proteins were eluted from the GNPs
in the sample loading buffer (80 mM SDS, 75 uM SDS, 1.25%
-mercaptoethanol, 10% glycerol, and 62.5 mM Tris-HCl, pH 6.8)
by heating to 95 °C for 5 min and separated by running SDS
polyacrylamide gel electrophoresis (SDS-PAGE) at 200 V for
30 min. Finally, the eluted serum proteins were visualized by
staining the gel with Coomassie brilliant blue R-250. A total of
0.5% FBS was used as a control. To quantify the serum proteins
adsorbed on the surface of GNPs, the serum-coated GNPs were
analyzed by thermogravimetric analysis (TGA, TG 209 F3,
NETZSCH). Protein analysis was performed from room tempera-
ture to 800 °C at a heating rate of 10 °C/min under nitrogen
atmosphere with a gas flow rate of 30 mL/min.

Cell Culture. Monocyte-like undifferentiated U937 cells were
maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum and 100 ug/mL penicillin and streptomycin
at 37 °C. For differentiation into macrophages, nonadherent
monocyte-like undifferentiated U937 cells were exposed to
40 nM phorbol-12-myristate-13-acetate (PMA) for 72 h. Differ-
entiated U937 cells were maintained by replacement of PMA-
containing media every 2—3 days.

Endocytosis Study. Monocyte-like undifferentiated and PMA-
differentiated U937 cells were seeded at 5.0 x 10° cells/(mL/well)
in 6-well tissue culture plates with ~90% confluence. The cells
were treated with each formulation of serum-coated GNPs at an
Au concentration of 150 uM for 6 h in serum-supplemented
media at 37 °C to allow sufficient cellular uptake of GNPs, and
intensively washed to remove free and any weakly bound GNPs
on the plasma membrane. To measure the quantities of GNPs
taken up by cells 6 h post-treatment, the GNP-treated cells were
collected by centrifugation at 1000 rpm for 5 min and incubated
in aqua regia for 24 h to dissolve GNPs and organic materials.
The amount of Au ions in the cells was then analyzed by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent
Technologies) and converted to the number of GNPs per cell.
The time-dependent cellular uptake of GNPs was also visualized
with their scattering property using dark field microscopy.
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The microscopy system consisted of an inverted microscope
(Ti—U, Nikon) equipped with a dark-field condenser (N.A.
0.8—0.95), a halogen lamp (100 W), and a true-color digital
camera (DS-Ri1-U3, Nikon). Dark field microscopic images of
monocyte-like undifferentiated and PMA-differentiated U937
cells treated with each GNP formulation were obtained with a
40x objective (N.A. 0.6).

Exocytosis Study. PMA-differentiated U937 cells were treated
with each formulation of GNPs at an Au ion concentration of
150 uM for 6 h in serum-supplemented media at 37 °C,
intensively washed to remove free and any weakly bound GNPs
on the plasma membrane, and further incubated over 48 h in
GNP-free serum-supplemented media to induce their exo-
cytosis. To measure the quantities of GNPs exocytosed from
the cells, the GNPs in the supernatants at 0, 6, 24, or 48 h post-
incubation were collected by centrifugation at 14000 rpm for
1 h and dissolved in aqua regia for 24 h. The amount of Au ions
in the supernatants was then analyzed by ICP-MS. The exo-
cytosis pattern was represented by the percentage of GNPs
remaining in the macrophages at each time point after incuba-
tion in the GNP-free media. The exocytosis of intracellular GNPs
in the PMA-differentiated U937 cells was also visualized at each
time point using both dark field and multiphoton excitation
microscopy. Time-dependent migration of 20 nm cationic and
PEGylated GNPs in the cells was observed by TEM (Tecnai G2,
FEI). The GNP-treated cells were incubated for 24 or 48 h with
GNP-free serum-supplemented media. The cells were pelleted
by centrifugation at 1000 rpm for 5 min and fixed with 2.5%
glutaraldyhyde (Sigma) for 1 day. The pellet was then incubated
in 1% osmium tetroxide (OsO,, Sigma) for 1 h, dehydrated in a
series of alcohol, and substituted with 100% prophylene oxide.
The cells were then embedded in the solution composed of
prophylene oxide and Epon812 for 24 h, and solidified at 70 °C.
Finally, the cells are sliced to a thickness of 70 nm and imaged
by TEM. The physicochemical properties of exocytosed GNPs at
48 h post-incubation were examined by TEM, UV—vis spectro-
metry, and gel electrophoresis. The GNP-treated cells were
incubated for 48 h with GNP-free serum-supplemented media.
The GNPs in the supernatants were collected by centrifugation at
14000 rpm for 1 h and resuspended in ultrapure water. For TEM,
the GNPs were placed on the grid and negatively stained on a
drop of 2% phosphotungstic acid (pH 8.0, Sigma) for 30 s for TEM
imaging. To identify the serum proteins adsorbed on the surface
of exocytosed GNPs, the proteins were eluted from the GNPs
in the sample loading buffer (80 mM SDS, 75 uM SDS, 1.25%
B-mercaptoethanol, 10% glycerol, and 62.5 mM Tris-HCl, pH 6.8)
by heating to 95 °C for 5 min and separated by running SDS
polyacrylamide gel electrophoresis (SDS-PAGE) at 200 V for
30 min. Finally, the eluted serum proteins were visualized by
staining the gel with Coomassie brilliant blue R-250. Untreated cell
lysates and 0.5% FBS were used as controls. For untreated cell
samples, PMA-differentiated U937 cells were lysed in 100 uL of RIPA
buffer (0.5% sodium deoxycholate, 0.1% SDS, 1% NP40, 5 mM EDTA
in TBS, pH 8.0) for 10 min at 4 °C. The cell lysates were centrifuged
at 13000 rpm for 15 min at 4 °C, and the protein concentrations
of cell lysates were determined with the BCA protein assay.

Cytotoxicity Assay. PMA-differentiated U937 cells were treated
with each formulation of GNPs at an Au ion concentration
of 150 uM for 6 h in serum-supplemented media at 37 °C,
intensively washed to remove free and any weakly bound GNPs
on the plasma membrane, and further incubated for 6, 24, or
48 h in GNP-free serum-supplemented media. The cell viability
was examined by the colormetric thiazoly blue tetrazolium
bromide (MTT) assay (Sigma).

Statistics. Statistical analyses of the data were performed
using one- or two-way analysis of variance (ANOVA), followed
by Tukey's or Bonferroni test for multiple comparisons, respec-
tively. The p-values less than 0.05 were considered statistically
significant. All experiments were performed at least three times.
All error bars indicate standard deviation (SD).
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