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old nanoparticles (GNPs) have be-

come highly valuable tools in bio-

logical sciences, mainly because of
their biocompatibility, facile conjugation to
biomolecules, and tunable optical proper-
ties depending on their size, surface layer,
and shape. During the past few years, GNPs
have demonstrated applicability in imag-
ing,’ sensing,>~* drug and gene delivery,>®
and in photothermal therapy.’

Most applications take advantage of the
unique optical properties of GNPs sup-
ported by their localized surface plasmon
resonance (LSPR).2° The excitation of local-
ized surface plasmons that occurs for a spe-
cific frequency of light results in strong
light scattering, intense absorption, and en-
hancement of electromagnetic fields. Ex-
ploiting these properties, in situ imaging of
GNPs is most commonly performed by reso-
nant light scattering,'® dark-field micros-
copy,'" and, more recently, by two-photon
luminescence microscopy.'?' Spheres' are
among the best characterized GNPs and
have been widely exploited for their funda-
mental imaging capabilities. However, their
use in vivo is limited by the fact that their
absorption occurs in the visible spectral re-
gion, which can cause photochemical dam-
age and also precludes in vivo applications
necessitating penetration of light into deep
tissues.'® Over the past few years, a great va-
riety of novel nanosized gold objects have
been prepared, such as rods,'®"”
urchins,’® 2 prisms,?" wires,?? disks,? and
stars,2*?> which display varying optical
properties based on their size, shape, and
surface chemistry. Many of these, including
rods and urchins, have optical resonances in
the near-infrared spectral window, which
penetrates deeply within tissues and does
not cause photochemical damage. In par-
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ABSTRACT Given the emergence of nanotherapeutics and nanodiagnostics as key tools in today’s medicine,
it has become of critical importance to define precisely the interactions of nanomaterials with biological systems
and to characterize the resulting cellular response. We report here the interactions of microglia and neurons with
gold nanoparticles (GNPs) of three morphologies, spheres, rods, and urchins, coated with poly(ethylene glycol)
(PEG) or cetyl trimethylammonium bromide (CTAB). Microglia are the resident immune cells of the brain, primarily
involved in surveillance, macrophagy, and production of cytokines and trophic factors. Analysis by dark-field
microscopy and by two-photon-induced luminescence (TPL) indicates that the exposure of neural cells to GNPs
resulted in (i) GNP internalization by both microglial cells and primary hippocampal neurons, as revealed by dark-
field microscopy and by two-photon-induced luminescence (TPL), (ii) transient toll-like receptor 2 (TLR-2) up-
regulation in the olfactory bulb, after intranasal administration in transgenic mice, in vivo, in real time, and (jii)
differential up-requlation in vitro of TLR-2 together with interleukin 1 alpha (IL-1ct), granulocyte macrophage
colony-stimulating factor (GM-CSF) and nitric oxide (NO) in microglia. The study demonstrates that GNP
morphology and surface chemistry strongly influence the microglial activation status and suggests that
interactions between GNPs and microglia can be differentially regulated by tuning GNP nanogeometry.

KEYWORDS: nanourchins - gold nanorods - two-photon luminescence imaging
(TPL) - microglial activation - toll-like receptor - cytokines

ticular, urchin GNPs, or nanourchins, have
unique surface geometry, consisting of nu-
merous “bumps” and “thorns”, which en-
hance the localized electromagnetic field
making gold nanourchins particularly valu-
able for imaging applications.?® Nonethe-
less, in spite of these enabling optical char-
acteristics, gold nanourchins have not been
used for intracellular or in vivo imaging
applications.

Given the potential applications of
GNPs in therapeutics and diagnostics,
characterizing their interactions with the
cellular milieu is essential. Most recent re-
ports have focused on the importance of
size in defining the interaction of GNPs
with cells in terms of cellular uptake,?”~%°
organ distribution,*°3" and
cytotoxicity.3233 Modification of the GNP
surface with cell-penetrating peptides'3
and receptor-specific antibodies** has
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TABLE 1. Physico-Chemical Characteristics of Gold Nanoparticles (a, Length; b, Width)

surface
samples diameter from TEM (nm) modification
GNP spherical 23111 (TAB
GNP urchin ~71.0 (TAB
GNP rod a=429=*63 (TAB
b=119=*20
GNP spherical 23111 PEG
GNP urchin ~71.0 PEG
GNP rod a=429=*63 PEG
b=11.9*20

also been used to control cellular uptake. Huff and
colleagues have shown that surface conjugation
with poly(ethylene glycol) and cetyltrimethylammo-
nium bromide can directly inhibit or promote, re-
spectively, the internalization of gold nanorods.*®
Most importantly, it has become apparent that the
nanomaterial shape plays a significant role in cell
interactions.3®3” Chan’s group has shown that
spheres, in particular 50 nm sized GNPs, are taken
up to a significantly greater extent than rods, inde-
pendently of their aspect ratio.?®?° This observation
has been confirmed by other studies.?® So far, only
two shapes (spheres vs rods) have been compared in
terms of internalization. Moreover, the effect of GNP
shape on cellular response, beyond uptake, has not
been evaluated at all, although this factor is critical
for in vivo applications.

The use of GNPs as imaging agents could provide a
promising future for high contrast imaging within the
central nervous system (CNS) in pathologies, such as
Alzheimer's disease, that presently lack early and accu-
rate diagnostic tools. However, there is only limited
data on the interactions of GNPs with cells of the CNS.
Microglial cells, which are regarded as the main im-
mune effectors of the brain, are particularly highly re-
sponsive under pathological conditions (e.g., inflamma-
tion),> where they exhibit higher expression of
activation markers, such as pattern recognition recep-
tors (PRRs) required for early detection and clearance of
pathogens. Toll-like receptors (TLRs) constitute one of
the four major classes of PRRs found on the surface of
microglial cells. They are regulated both upstream and
downstream by the transcription nuclear factor k en-
hancer binding protein (NFkB).*® Activation of micro-
glia, as dictated by the expression of PRRs and release
of pro-inflammatory signals (i.e., cytokines), can mark-
edly affect brain functions.*’ Thus, studying the re-
sponse of microglia to nanomaterials is of consider-
able importance in the development of
nanotherapeutics and nanodiagnostics.

The long-term objective of our studies is to de-
velop high contrast optical tools enabling in vivo real-
time imaging of the brain without causing long-lasting
and irreversible damage to the nervous system. To this
end, we prepared and characterized GNPs of three dis-
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tinct shapes, and, conse-
quently, with different optical
characteristics (i.e., spheres,

A () {potential (mV) rods, and urchins). The GNPs
51 2411 cytotoxic effects were as-

618 392 f 04 sessed using a neural cell line,
o176l 16633 and the uptake of GNPs was
524 _»7+01  evaluated and compared in
626 —97 + 06 primary neuronal cells and mi-
514,770 —-23.0+03 croglial cells. Furthermore,

the response to GNPs in live

animals was evaluated in real
time using a transgenic mouse expressing luciferase
controlled by the microglia-specific promoter driven
by the toll-like receptor-2 (TLR-2), a marker of micro-
glial activation. The signaling mechanisms that govern
GNP-mediated microglial responses were investigated
in vitro. Presently, knowledge with regard to the re-
sponse of the central nervous system to GNPs is very
limited. In pathological states of the CNS, when diagno-
sis and treatment are quite challenging, GNPs with tar-
geting ligands conjugated to their surface may serve as
a suitable therapeutic and diagnostic tool.

RESULTS AND DISCUSSION

Characterization of Gold Nanoparticles. Sphere, rod, and
urchin GNPs were prepared by in situ formation of gold
upon reduction of gold chloride in the presence of suit-
able reagents and seeds, as required to induce the de-
sired morphology. Since the focus of the study is the im-
pact of GNP morphology and not that of their interfacial
properties, it was important to have the same stabilizing
surface molecules for all shapes. We chose to PEGylate all
GNPs prepared, in view of the well-established safety
and low (and in some cases, no) immunogenic character-
istics of tethered poly(ethylene glycol) chains.*? PEG
modification is a common approach to achieve biocom-
patibility. It reduces nonspecific binding of biomolecules
to surfaces, but it also decreases cellular uptake.*? For two-
photon luminescence studies, we wished to ensure a
high level of internalization, and therefore, for these ex-
periments, we have prepared and used all three GNP
shapes (spheres, rods, and urchins) with the cationic sur-
factant CTAB on their surface.

The physical characteristics of the GNPs synthesized
are listed in Table 1. The spherical GNPs as prepared
(d =23.1 £ 1.1 nm, Figure 1A) in water exhibited a plas-
mon band with a maximum wavelength at 522 nm (Fig-
ure 1a). This band broadened and shifted to a slightly
longer wavelength (\max = 524 nm) upon PEGylation of
the particles. The ligand exchange was further con-
firmed by a shift of { potential from +42.4 = 1.1 to
—22.7 = 0.1 mV. The irregularly shaped urchin GNPs
were estimated to have an average volume equal to
that of a sphere 77 nm in diameter. The extinction band
recorded for urchin GNPs in water had a maximum
wavelength of 618 nm, a value significantly red-shifted
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Figure 1. Transmission electron microscopic images and surface plasmon extinction spectra of the gold nanoparticles. Top
panel: CTAB-covered spherical (A), urchin (B), and rod (C) GNPs. Bottom panel: PEGylated spherical (D), urchin (E), and rod (F)
GNPs. Scale bar is representative for all panels (20 nm). (a—f) Corresponding spectra. Solid line, CTAB-covered GNPs; dashed

line, PEGylated particles.

compared to spherical GNPs. The procedure of PEGyla-
tion resulted in an 8 nm red shift of the plasmon band,
and a change of the { potential from a positive (+39.2
* 0.4 mV) to a slightly negative value (—9.7 = 0.6 mV).

The rod GNPs prepared with CTAB were 42.9 = 6.3
nm long and 11.9 = 2.0 nm wide (aspect ratio 1:3.6, Fig-
ure 1B). Suspensions of the rods in water presented a
dual plasmon band with the longitudinal extinction
band at 762 nm (Figure 1b) and the transversal extinc-
tion band around 514 nm. The longitudinal band
shifted to 770 nm upon PEGylation. The surface modifi-
cation was further confirmed by the shift of { potential
from +46.6 + 3.3 to —23.0 = 0.3 mV.

The three shapes were chosen not only for their op-
tical but also for their geometrical differences. The elon-
gated shape of the rods, the spiky structure of the ur-
chins, the differences in surface area and curvatures can
play a significant role in their interaction with the cells.

Relationship between Gold Nanoparticles Surface
Coating/Morphology and Cytotoxicity. The effect of shape
and surface coating on GNP-mediated cytotoxicity was
assessed in a microglial cell line model, N9 cells (Figure
2).2 The effect of GNP spheres, rods, and urchins with
two different surface coatings, CTAB and PEG, on cellu-
lar metabolic activity was assessed over a period of 24 h
using the MTT assay. Significant decreases in mitochon-
drial metabolic activity were observed, in particular,
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Figure 2. Gold nanoparticle (GNP) cytotoxicity in a micro-
glial (N9) cell line. Cells were treated with varying concentra-
tions of sphere, rod, and urchin GNPs coated with either
CTAB or PEG (10°—10"" NPs/mL). Metabolic activity, as mea-
sured using the MTT assay, was made relative to untreated
control cells (=100%). Note that gold nanourchins were only
tested up to 10° NPs/mL due to their high content of gold;
it is highly impractical to treat cells with 10"" NPs/mL, which
would be equivalent to over 500 ppm of gold. Mean values
and standard error of the means for triplicate measurements
from three independent experiments (N = 9) are shown. Sig-
nificant differences: *p < 0.05; **p < 0.01; ***p < 0.001.
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with spherical GNPs and, in general, for CTAB-coated
GNPs. Spherical GNPs were found to be significantly
toxic to microglial cells at 10° NPs/mL (6 = 0.1% for
CTAB and 78 = 1.3% for PEG; p < 0.001). In contrast,
rod and urchin GNPs were relatively innocuous; only the
CTAB-coated rods were found to be slightly toxic at
10"'NPs/mL (87 * 3.2%; p < 0.01). Thus our results (i)
confirm that positively charged nanomaterials tend to
exhibit greater toxicity, often credited to their increased
uptake efficiency,* and (i) suggest that independent
of the shape, at concentrations of =10° NPs/mL, GNPs
are minimally toxic to microglial (N9) cells.

While bulk metallic gold, in general, is accepted as
nontoxic and widely used in dentistry, for example, the
size and surface of colloidal gold are such distinguish-
ing properties that they should be considered in the
context of interactions with living cells and organisms.
Colloidal gold nanoparticles are stabilized electrostati-
cally or sterically, which requires the presence of stabi-
lizing molecules on their surface, such as CTAB, a cat-
ionic surfactant with membrane-compromising
properties. CTAB in itself is toxic to the cells at ~10 nM
concentration.* The data on gold-bound CTAB remain
controversial: some groups reported it to be
harmless,* some found it toxic.*? In the latter case,
overcoating the particles with PEG, phosphatidylcho-
line, or polystyrene sulfonate (PSS) was reported to re-
duce cytotoxicity significantly.*>4748 |t was reported that
the extent of internalized rod GNPs with CTAB on their
surface was 10 to 15 times higher than in the case of PE-
Gylated rod GNPs. In our studies, CTAB-coated gold
spheres (10'" GNPs/mL) lead to marked neural cell loss
24 h after exposure, while CTAB-coated gold rods exhib-
ited a more modest reduction in viability, likely due to
the increased uptake of spheres supporting the findings
by Chan'’s group.?®

Dark-Field Microscopy and Hyperspectral Analysis of Gold
Nanoparticles in Microglial Cells. Next, we performed intra-
cellular imaging of GNPs using high contrast dark-field
imaging (Figure 3 and Supporting Information Figure
S1). Microglial cells seeded on coverslips were treated
with 10° GNPs/mL for 12 h, fixed, and mounted onto
glass slides, after which uptake was assessed by dark-
field microscopy, using a CytoViva microscope setup
and hyperspectral analysis software (see Methods). As
noted in Figure 3A,B, CTAB-coated rods and PEG-coated
urchins, respectively, were taken up, supporting the no-
tion that internalization of these GNPs by microglial
cells does not compromise their viability (see Figure 2).
Urchin GNPs were not only readily internalized by mi-
croglial cells, but they were also excellent contrast
agents (Figure 3B) relative to spheres (Supporting Infor-
mation Figure 1A,B); their outstanding brightness com-
pared to PEGylated gold spheres and rods is likely the
result of their relatively large size and bumpy morphol-
ogy, which may provide multiple “hot spots” for field
enhancement. The larger diameter is associated with a
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Figure 3. High contrast dark-field imaging of internalized
gold nanoparticles (GNPs) in microglial (N9) cells. Microglial
cells (N9) were treated with CTAB-coated rods (A) and PEG-
coated urchins (B). Following treatment with 10° GNPs/mL
for 12 h at 37 °C, cells on coverslips were fixed with
paraformaldehyde, mounted onto glass slides, and imaged
using the CytoViva setup for high sensitivity dark-field imag-
ing (see Methods for further detail). Scale bar in first panel
is 10 um and is representative for both panels.

higher scattering coefficient, and the sharp geometri-
cal features cause a quasi-electrostatic “crowding” of
many electric field lines that leads to a tremendous field
enhancement, the so-called lightning rod effect. The
combined effect of these physical parameters provides
for high contrast in optical microscopy.

The extent of internalization and signal intensity in
the dark field was similar for gold nanorods and ur-
chins. In an attempt to quantify the internalized GNPs,
we performed an ICP-AES analysis of gold on cells
treated with 10° GNPs/mL for all three shapes and two
surfaces. The gold content in the cells treated with gold
nanourchins were easily measured, whereas the signal
for intracellular gold from spheres and rods was at the
detection limit. ICP-AES measurements of microglia ex-
posed to gold nanourchins with PEG and CTAB yielded
similar results; 4 wg/mL and 3.55 wg/mL Au in the cells
treated with CTAB and PEG modified urchin GNPs, re-
spectively. To confirm the results obtained with dark-
field microscopy, live imaging with two-photon-
induced luminescence (TPL) was used for all six differ-
ent types of GNPs.

Two-Photon Luminescence Imaging of Rod GNPs in Live Cells.
Two-photon-induced luminescence was used to visual-
ize the intracellular localization of internalized GNPs in

www.acsnano.org
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Figure 4. Two-photon luminescence (TPL) imaging of internalized gold nanoparticles in microglia and primary hippocam-
pal neurons. (A,B) Internalization of PEG- and CTAB-coated GNPs in microglia. Microglia (N9) were treated with GNPs (10°
NPs/mL for 12 h at 37 °C) and stained with LysoTracker Red DND-99. TPL images were acquired in live cells using a two-
photon microscope. (A) Note that GNPs are primarily found in the cytosol and, to a certain extent, colocalize with lysoso-
mal compartments (indicated by enlarged inset image). Scale bar (20 um) in control overlay image is representative for all
panels. See also Supporting Information Figure S2. (B) Images acquired along the z axis of microglia treated with PEG-coated
urchins demonstrate that the GNP signal is detectable within all slices of the z stack, providing evidence for the internaliza-
tion of urchin GNPs. Last column of panels provides a schematic illustrating the position along the z axis relative to the cell.
Scale bar (5 uwm) in the first panel is representative for all panels. (C) TPL imaging of primary hippocampal neurons treated af-
ter 21 days in vitro with PEG-coated (B) and CTAB-coated (C) rod GNPs (10° NPs/mL) for up to 4 h. Neurons were stained
with MitoTracker green FM (pseudocolored red). Untreated control cells can be seen in A. Imaging was performed with a two-
photon microscope. The scale bar in the control panel is representative for all four panels. (D) Photobleaching experiment
with CTAB-coated rod GNPs confirming that the signal detected in the red and green channel are from two separate sources.
The scale bar in the first panel is representative for all panels. (b) Plot of the changes in relative intensity over time in the green
and red channel, separately, measured from the photobleaching experiment in a. The fluorescent intensity in each channel at ev-

ery time-point was normalized to the fluorescence in the respective channel at time = 0 s (i.e.,, 100% Rl at 0 s).

live microglia and primary neuronal cells. Microglia
were treated with all six different types of GNPs (10°
NPs/mL) for 4 to 12 h, washed, and stained with
LysoTracker for labeling of acidic compartments, prima-
rily lysosomal organelles. CTAB-coated spheres and
rods internalized readily and partly colocalized with
acidic lysosomal compartments (Figure 4A, see insets).
Spheres and rods with PEGylated surfaces did not inter-
nalize in microglial cells to any significant extent within
12 h in microglial cells (Supporting Information Figure
S1), confirming the results from dark-field imaging (Fig-
ure 3). Interestingly, however, the internalization of ur-
chin GNPs occurred independently of surface coating;
both PEG- and CTAB-coated urchin GNPs were internal-
ized by microglial cells within the same time period

(12 h). They were mainly dispersed in the cytosol and
to a small extent (<10%) localized within lysosomes
(Figure 4A, inset images). By acquiring images along

Www.acsnano.org

the z axis of cells, urchin GNPs were detectable in slices
at all levels, suggesting their true intracellular location
and not an unspecific association with the surface of the
microglial cells (Figure 4B).

We subsequently used delicate primary neurons iso-
lated from rodent hippocampi to determine whether
GNPs are retained within the neuritic arbors and
whether they had an effect on somatic and dendritic
morphology. Photomicrographs of two-photon lumi-
nescence images of three week old primary neurons
treated for 4 h with rod GNPs modified with CTAB and
PEG chains are shown (Figure 4C). After incubation with
the rod GNPs, the cells were stained with MitoTracker
Green FM (pseudocolored red), in order to outline mito-
chondria along the cell body, the axon, the dendrites,
and the spines of these neurons. Both rod GNP—CTAB
and rod GNP—PEG decorate the dendrites of the neu-
rons and appear to be internalized both along the
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Figure 5. In vivo bioluminescence imaging of microglia in transgenic mice after intranasal administration of gold nanoparticles. (A) PE-
Gylated gold spheres, rods, and urchins were administered intranasally (5 pL/left nostril). PEGylated quantum dots (QD705) were admin-
istered in the same way and in the same amount (10'2 nanoparticles/mL). Detectable fluorescence signal from QD705 (left, bottom panel)
and absence of the signal from gold nanoparticles (left: top and middle panel). Representative pseudocolor bioluminescence images
(24 h, 72 h, 7 days, and 14 days) are shown for PEGylated gold nanopheres (top four panels), gold rods (middle four panels), and QD705
(bottom four panels) after intranasal administration of the nanoparticles to the TLR-2-Fluc-GFP reporter mouse. Quantification scales of
the total photon emission signal (photon/s/cm?/sr) are shown at the right side from the images. (B) Time course of change in biolumines-
cence signal intensity in mice treated with gold nanoparticles (spheres, rods, and urchins) and also QD705. Note a biphasic activation of
microglia caused by rod GNPs and small but significant microglia response to gold spheres. Ordinate: change in bioluminescence inten-
sity relative to control animals (100%) receiving saline (5 pL/left nostril). Mean values and standard error of the means from four animals
per group per time point are reported. Significant differences: *p < 0.05; **p < 0.01; ***p < 0.001. (C) Microglial activation in the olfac-
tory bulb after intranasal injection of nanoparticles. Representative photomicrographs of Iba-1 immunoreactivity in the olfactory bulb of
TLR-2-Fluc-GFP mice 7 days after the intranasal administration of (A) QDots 705, (B) GNP sphere, or (C) GNP rod. By immunofluores-
cence, a strong Iba-1 signal (in red) is observed in the (C) GNP rod group compare to (A) Qdots 705 and (B) GNP sphere group (n = 4).
Scale bar = 250 pm.

neurites as well as within the cell body. No signal
was detected in neurons treated with sphere or ur-
chin GNPs (data not shown). To confirm that the sig-
nal detected in the green channel indeed originates
from the rod GNPs, and that it is not a bleedthrough
from the red channel, we carried out a photobleach-
ing experiment. As seen in Figure 4D, the decay of
the relative intensity in the red channel was mark-
edly faster than the decay in the green channel, con-
firming that the source of the individual signals is in-
deed not the same.

Considering the specific shape of the neurons (small
cell body, long processes), it is conceivable that rela-
tively thin rods (only 12 nm in diameter) have a more fa-
vorable morphology for internalization, compared to
the larger and spikier urchin structures. Given that up-
take mechanisms between neurons and microglia are
different, it is likely that urchins were phagocytosed by
microglia, a process that does not take place along neu-
ritic dendrites and arbors. One reason for this could be
the relatively large size and spiky surface of nanourchins
relative to nanorods. The urchins were estimated to
have a surface about 10 times larger (~1.8 X 10 nm?/
particle) than the rods and spheres. Their dimensions

NANYCY) voL.4 = NO.5 = HUTTER ET AL
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are at least twice the length of the rods and 3—4 times
larger than the spheres.

Microglial Activation /n Vivo by Gold Nanopartidles. In
macrophage-like cells, such as microglia, the internal-
ization capacity of biological and artificial nanoparticles
heavily depends on their phagocytic activity, which
tends to be increased in the activated state.3**° There-
fore, to probe microglial activation by gold nanoparti-
cles in vivo, we used a transgenic mouse model bearing
the dual reporter system luciferase/green fluorescent
protein under transcriptional control of a murineTLR-2
promoter.>%°! Assessment of the bioluminescence was
performed at different times after GNP administration
(Figure 5). PEGylated QDs were used both as a control
for PEGylated surfaces of gold nanoparticles and as an
independently detectable fluorescent control. More-
over, these fluorescent nanoparticles were previously
reported not to significantly activate astrocytes in the
central nervous system in vivo.>?

Spherical, rod, and urchin GNPs administered intra-
nasally to the transgenic mice reveal changes of micro-
glia with distinctly different temporal pattern (Figure
5A,B): spherical GNPs cause a small but detectable acti-
vation of microglia after 24 h, and the activity remained
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sustained for a week (Figure 5B). In contrast, rod GNPs
caused biphasic activation with one early peak at 24 h
and the other after one week. PEGylated urchin GNPs
did not significantly activate microglia at any time,
while CTAB-coated urchin GNPs caused a transient acti-
vation that disappeared after a week. The biolumines-
cent signal in mice treated with QD705 was significantly
lower than that from animals treated with rod GNPs
with the maximal bioluminescence signal one week af-
ter nanoparticle treatment but still significantly smaller
than that of gold nanospheres (Figure 5B). The animals
were sacrificed after one week, and their olfactory bulb
was dissected and immunostained using cell-specific
antibodies (Iba-1) recognizing microglia (Figure 5C). In
accord with the peak at 7 days (Figure 5B), markedly en-
hanced number of Iba-1-immunopositive microglia in
the olfactory bulb indicated microgliosis in this brain re-
gion. Closer inspection of the individual sections did
not reveal any other remarkable morphological abnor-
mality. The results suggest that nanourchins are prefer-
entially taken up by microglia rather than by neurons,
presumably as a consequence of their morphology. This
finding points toward the possible exploitation of
nanourchins in real-time multiphoton imaging of mi-
croglia and/or as delivery vehicles for pharmacological
agents to regulate microglia activation and its impact
on neuronal functions.

In speculation of what may cause the difference in
microglial response to the different GNPs, we com-
pared some of the physical properties of the spherical,
rod, and urchin GNPs. We found that the gold nanorods
have a surface/volume ratio of 1.14, about 5 times
larger than the surface/volume ratio of spherical GNPs
(0.26), although the surface areas of the two types of
particles are comparable (1830 and 1680 nm?¥/particle,
respectively). The nanourchin GNPs have an estimated
surface ~10 times larger than rods or spheres, but their
surface/volume ratio is ~10 times smaller ratio than
rods (in the range of 0.1—0.2). Moreover, rod GNPs pos-
sess a large number of (100) surface sites which show
a high catalytic activity,> in particular, toward the gen-
eration of NO from endogenous RSNOs in blood serum,
causing oxidative stress in cells.>* Electrochemical ex-
periments also demonstrated that the most active
single-crystal electrode in basic media is the Au(100)
electrode, whereas the Au(111) electrode is the least ac-
tive.> These parameters (high surface/volume ratio,
highly active surface facets) could contribute to the el-
evated microglia activation caused by rod GNPs.

Toll-like Receptor 2 (TLR-2) Up-Regulation and Stimulation of
Cytokine Release In Vitro. Since the in vivo data showed that
GNPs induce TLR-2 promoter activity in a shape- and
surface-dependent manner, we tested in vitro the effect
of various GNPs on TLR-2 protein expression (Figure 6) us-
ing murine microglial N9 cells because they show re-
sponses to insults, trophic factors, and other stimuli simi-
lar to the responses of primary microglia.> Treating
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Figure 6. TLR-2 upregulation by urchin GNPs (10° NPs/mL)
in vitro. (A) Representative Western blot for TLR-2 with ac-
tin for normalization of protein loading. (B) Densitometry
measurements, tabulated from three independent experi-
ments, are normalized to actin and expressed relative to
control, where control is set to a value of 1. Mean values
and standard error of the means are reported.

microglial N9 cells with PEGylated urchin GNPs for 24 h
led to a 2.6-fold (p < 0.05) induction in TLR-2 expression,
while rod GNPs led to a more modest 1.5-fold (p < 0.05)
increase. Thus far, the mechanisms resulting in the induc-
tion of TLR-2 are not fully understood in microglial cells.
It has been previously shown that tumor necrosis factor o
(TNF-), a pro-inflammatory cytokine, is secreted from pri-
mary microglial cells and is sufficient to cause TLR-2 up-
regulation.®® It was further demonstrated that both caf-
feic acid, a general inhibitor of the pro-inflammatory
transcription nuclear factor k enhancer binding protein
(NFkB), and SC-514, an inhibitor of IkappaB kinase 2 (IKK-
2), abrogate the effects of TNF-a on TLR-2 induction. We
therefore used these pharmacological tools to confirm
the involvement of NFkB. Importantly, downstream ef-
fects of TLR-2 activation in macrophages involve the re-
lease of pro-inflammatory cytokines, such as interleukins
1 and TNF-q, via NFkB,*” as well as the induction of au-
tophagy and phagocytosis.*®

To assess the effects of TLR-2 induction, we screened
pro-inflammatory cytokines following treatment with
GNPs. A profiling ELISA array was used to test for the re-
lease of 12 different cytokines, including interleukins
(L) 1, 1B, 2, 6, 8, 10, 12, 17« tumor necrosis factor «
(TNFa), granulocyte macrophage colony-stimulating
factor (GM-CSF), interferon +y (IFN-y), and macrophage
colony-stimulating (M-CSF). The IL-1ae and GM-CSF were
the only detectable cytokines after 6 h incubation with
GNPs. PEGylated sphere and rod GNPs stimulated the
release of GM-CSF (11.1 £ 0.62, 11.2 = 0.44 pg/mL re-
spectively, p < 0.001), while urchin GNPs significantly
reduced GM-CSF secretion to barely detectable levels
(PEG = 0.3 =+ 0.01, CTAB = 0.0 =+ 0.03 pg/mL) (Figure
7A). In contrast, IL-1a release was stimulated only by ur-
chins (PEG = 91.4 = 0.13, CTAB = 46.8 = 0.34 pg/mL,
p < 0.001) and was sensitive to caffeic acid phenethyl
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Figure 7. Cytokine release and nitric oxide (NO) production by microglia stimulated with GNPs. Supernatants from cells treated with 10°
GNPs/mL for 6 h at 37 °C were analyzed for granulocyte macrophage colony-stimulating factor (GM-CSF) (A) and interleukin 1 alpha (IL-
1) (B) by ELISA assay and for NO production by the Griess reaction (C). LPS (100 ng/mL) is lipopolysaccharride. Mean values and stan-

dard error of the means are reported. Significant differences: *p < 0.05; **p < 0.01; ***p < 0.001.

ester (CAPE, an inhibitor of NFkB signaling) treatment
(+CAPE — PEG = 57.3 = 1.54, CTAB = 34.8 = 0.41 pg/
mL, p < 0.001 compared to —CAPE). Furthermore,
GNP addition caused no significant increase in NO pro-
duction, relative to control, while lipopolysaccharide
(LPS), a TLR4/6 ligand, resulted in a significant release
of NO. Interestingly, TLR-2 ligands (i.e., lipoteichoic acid)
can cause the release of IL-1a and GM-CSF,* and given
that GNP-mediated IL-1a secretion was reduced by in-
hibiting NFkB, it is plausible that urchin GNPs may be
acting through TLR-2 to activate microglia. Moreover,
previous work indicates that TLR-2 activation potenti-
ates microglial responses to chemoattractants,*® mol-
ecules responsible for the recruitment of microglia to
brain lesions in pathological states. These studies also
indicate that activation of TLR-2 augments clearance of
pathological insults, such as the toxic B-amyloid (AB)
peptide found in brains affected by Alzheimer’s disease,
suggesting a therapeutic potential for TLR-2 agonists.
A TLR-2-dependent increase in microglial phagocytic
activity could explain the efficient uptake of
nanourchins by microglia (Figure 4A,B). These data
thus further suggest possible therapeutic uses of
nanourchins as modulators of microglia activation both
in vitro and in vivo.

In summary, we have prepared gold nanoparticles
(GNPs) with different nanogeometries but with identi-
cal surface coating (PEG or CTAB). We have shown that
microglia internalize the GNPs with no sign of acute cy-
totoxicity (=10° GNPs/mL) and that the extent of inter-
nalization appears to depend on the GNP shape. Rod
GNPs with CTAB or PEG on their surface were internal-

METHODS

Materials. Gold chloride trihydrate was obtained from Alfa Ae-
sar. Sodium citrate, silver nitrate, sodium borohydride, L-ascorbic
acid (AA), gelatin (from bovine skin, type B), potassium carbon-
ate, 11-mercaptoundecanoic acid (MUA), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC),
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ized by live primary hippocampal neurons. They were
imaged with excellent signal-to-noise ratio by two-
photon-induced luminescence (TPL). In transgenic
mice, rod and urchin GNPs caused transient microglial
activation, and further studies in vitro indicate that the
mechanisms of activation depend, at least in part, on
GNP shape. This study provides evidence that (i) tun-
ing of gold nanoparticle geometry can serve as a mo-
dality in regulating nanoparticle—cell interactions and,
more specifically, (ii) nanourchins may have direct
therapeutic applications in pathological conditions
that respond to enhanced microglial activity.

Future Perspectives. Our studies point to the need to in-
vestigate in detail the potential roles that gold
nanourchins could play in mechanistic and therapeutic
applications in the central nervous system (CNS). Some
of the relevant questions in this regard include the fol-
lowing: Which ones among the many other microglia
receptors on the cell surface are involved in microglia-
gold nanoparticle interactions? Can nanourchins be in-
ternalized by neurons if a specific ligand for neurons is
linked to the gold nanosurface? Does the shape, size,
and surface also modulate subtle epigenetic changes
observed with nanoparticle treatment,% in addition to
the transient microglia activation reported in this study?
Could the single or repeated exposure to minute quan-
tities of gold nanoparticles lead to the stimulation of
neuronal circuitry and enhanced function in neurode-
generative states? Our group is presently focused on
answering these questions and uncovering potential
therapeutic or diagnostic applications of nanourchins
in various disease states of the CNS.

N-hydroxysuccinimide (NHS), and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma Aldrich. Hexadecyltrimethylammonium bromide (CTAB)
was purchased from Fluka. a-Methoxy-w-mercapto poly(ethyl-
ene glycol) (MeO-PEG-SH, 5000 g/mol) was obtained from IRIS
Biotech GmbH, Germany. Green anionic CdTe quantum dots (Aem
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= 530 nm; quantum yield = 0.05, { potential = —38.60 mV)
were prepared as described previously.>? Trypan blue
(15250—061) and MitoTracker Green FM (M-7514) were pur-
chased from Invitrogen. Tumor necrosis factor a (TNF-a) was
purchased from BioLegend. In all experiments, deionized Milli-
pore water was used.

Preparation of Gold Nanoparticles. CTAB-coated spherical GNPs
(d = 23.1 = 1.1 nm) were prepared by adding an aqueous ice-
cold NaBHj, solution (0.500 mL, 0.01 M) to a mixture of aqueous
HAuCl, - 3H,0 (0.125 mL, 0.01 M) and an aqueous solution of
CTAB (4.375 mL, 0.075 M). The seed growth was allowed to pro-
ceed for 2 h. After this time, an aliquot of the seed solution was
added to a solution obtained by adding aqueous CTAB (1.6 mL,
0.10 M), aqueous HAuCl, - 3H,0 (2 mL, 0.01 M), an aqueous AA
solution (0.6 mL, 0.10 M) to 90 mL water, followed by the aged
seed solution (0.1 mL).*" Immediately upon addition of the seed
solution, the mixture was mixed gently for 10 s. It was then kept
undisturbed for at least 3 h. The solutions were kept at 27 °C (in a
water bath) throughout the entire procedure in order to prevent
the crystallization of CTAB. At the end of the reaction, the mixture
was centrifuged by an Eppendorf centrifuge model 5403 (6000
rpm, 60 min). The residue was redispersed in water (5 mL).

Rod GNPs were synthesized by a scaled-up version of the
seeded growth method described previously.®? Gold seeds were
prepared by adding an aqueous ice-cold NaBH, solution (0.600
mL, 0.01 M) to a solution obtained by adding aqueous
HAuCl, - 3H,0 (0.250 mL, 0.01 M) to an aqueous solution of CTAB
(7.5 mL, 0.10 M). The seed growth was allowed to proceed for
2 h. After this time, an aliquot of the seed solution was added to
a solution obtained by mixing, first, aqueous CTAB (95 mL, 0.10
M), aqueous HAuCl, - 3H,0 (4 mL, 0.01 M), and aqueous AgNO;
(0.6 mL, 0.01 M) and, last, an aqueous AA solution (0.64 mL, 0.10
M). Immediately upon addition of the seed solution, the mix-
ture was mixed gently for 10 s. It was then kept undisturbed for
at least 3 h. The solutions were kept at 27 °C (in a water bath)
throughout the entire procedure in order to prevent the crystal-
lization of CTAB. At the end of the reaction, the mixture was cen-
trifuged by an Eppendorf centrifuge model 5403 (9000 rpm, 90
min). The residue (rod GNP) was redispersed in water, and MeO-
PEG-SH (12 pL, 25 mM) was added to this suspension (0.3 mL).
The mixture was kept overnight. It was subjected to centrifuga-
tion (14 000 rpm 20 min). The residue was redispersed in water
(0.5 mL).%3%* The concentration of atomic gold in the rod GNP
suspension was determined by inductively coupled plasmon
atomic emission spectroscopy (ICP-AES).

CTAB-coated urchin GNPs were also prepared by seed medi-
ated process.” Gold seeds were synthesized by adding an aque-
ous ice-cold NaBH, solution (0.1 mL, 0.03 M) to a 10 mL solu-
tion of aqueous HAuCl, - 3H,0 (2.5 X 107* M) and trisodium
citrate (2.5 X 107* M). The seed growth was allowed to proceed
for 4 h. For growth solution, 0.75 mL of cyclohexane and 1.0 mL
of acetone were added into 50 mL of aqueous solution contain-
ing aqueous CTAB (30 g/L) and aqueous HAuCl, - 3H,0 (2.5 X
10~* M). Without delay, 20 mL was taken from the lower por-
tion of the phase separated solution and combined with the gold
seed suspension (0.12 mL), AGNOs aqueous solution (0.01 mL,
0.02 M), and freshly prepared aqueous ascorbic acid (1 mL, 0.1
M). The suspension was allowed to stand for 3 h, while its color
gradually changed. The solutions were kept at 27 °C (in a water
bath) throughout the entire procedure in order to prevent the
crystallization of CTAB. At the end of the reaction, the mixture
was centrifuged by an Eppendorf centrifuge model 5403 (6000
rpm, 10 min). The residue was redispersed in water (5 mL).

Instrumentation. UV —visible absorption spectra were recorded
with an 8452A Agilent photodiode array spectrometer. ICP-AES
data were acquired using a Jobin Yvon/Horiba JY200 instrument
and analyzed with the ICP sofware “ICP Analyst v5.2". The gold
ray wavelength was at 267.595 nm. Transmission electron micro-
graphs (TEM) of the nanoparticles were obtained using a FEI TEC-
NAI electron microscope operating at 120 kV. The supporting
grids were Formvar-covered, 200-mesh copper grids. The size
of the nanoparticles was determined from the electron micro-
scopic images using a free ImageTool version 3.00, downloaded
from http://ddsdx.uthscsa.edu/dig/download.html. About 100
particles were measured for each sample.
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Cell Culture and Treatments. N9 microglial cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM; Gibco) supple-
mented with 5% (v/v) fetal bovine serum (FBS; Gibco) and 1%
(v/v) penicillin/streptomycin (Gibco). Cells were seeded at 1 X
10° cells/well in 24-well cell culture plates (Sarstedt) and treated
24 h later. Gold nanoparticles and quantum dots were diluted in
culture media to achieve working concentration. Viability assays
were performed up to a maximum of 24 h after treatment. Pri-
mary hippocampal neuronal cultures were prepared from rats
(postnatal day 1) and kept in serum-free conditioned medium for
21 days before they were used for two-photon imaging experi-
ments. Rod GNPs were diluted directly in the well to a working
concentration of 10° particles/mL for 4 h. Prior to imaging, Mi-
toTracker green FM was diluted to a working concentration of
100 nM and cells were stained for 2 min, after which they were
washed once with fresh warm media.

MTT Assay. Cells were seeded at a density of 1 X 10° in a 24-
well cell culture plate (Sarstedt) and treated according to the
standard protocol.®® After various time intervals, medium was re-
moved and replaced with medium containing MTT (500 g/
mL). Cells were incubated at 37 °C for 60 min after which me-
dium was removed. DMSO was added to lyse the cells and
dissolve the formazan produced. Triplicates from each well were
collected into a 96-well plate (Sarstedt), and the absorbance at
595 nm of each well was measured using a Benchmark micro-
plate reader (Bio-Rad, Mississauga, ON, Canada).

Dark-Field Imaging and Hyperspectral Analysis. Dark-field imaging
(100X) of microglia cells was done using an Olympus BX-51 micro-
scope and 100 W quartz halogen light source on a CytoViva micro-
scope and software. Spectral data were captured with a CytoViva
spectrophotometer and integrated CCD camera. Each spectrum
shown represents a single pixel imaged with a 100X objective and
approximately 64 nm in size. Spectral analysis was performed with
the CytoViva Hyperspectral analysis software program.

Two-Photon Luminescence (TPL) Imaging. Two-photon imaging
was performed on hippocampal neurons (day 21 in vitro). Im-
ages were acquired with a Zeiss LSM 510 upright microscope.
An argon laser (488 nm, 0.525% max intensity) in combination
with a BP 500-550 IR filter were used to image MitoTracker Green
FM, a HeNe laser (543 nm, 2% max intensity) in combination
with a LP 560 filter was used to image LysoTracker Red DND-99,
and a two-photon Ti:sapphire laser (set at 750 nm; 5.0% max in-
tensity) in combination with BP 390-465 IR filter was used to im-
age GNPs. A Plan-Achromat vis—IR 63X NA 1.0 objective was
used for all samples. No background fluorescence of cells was de-
tected under the settings used. Images were acquired at a reso-
lution of 1024 X 1024. Images were analyzed using the Zeiss
Confocal LSM Image browser, in combination with ImagelJ.

Inductively Coupled Plasma Absorption Emission Spectroscopy (ICP-AES).
GNP-treated cells were trypsinized, pelleted, washed in PBS, and
resuspended in water, and then they were sonicated at 15 W. Ni-
tric acid (HNO3) was added to a final concentration of 5% prior
to analysis by ICP-AES. ICP-AES data were acquired by a Jobin
Yvon/Horiba JY200 instrument, using ICP sofware ICP Analyst
v5.2. The gold ray wavelength was at 267.595 nm.

Transgenic Animals and Genotyping. All experimental proce-
dures with transgenic mice were approved by the Laval Uni-
versity animal care ethics committee and were in accordance
with The Guide to the Care and Use of Experimental Animals of
the Canadian Council on Animal Care. The transgenic TLR-
2—luc/gfp mice (in C57/BI6 genetic background) were re-
cently generated and genotyped in our laboratory employ-
ing the following primers for PCR: 5'-
gcggactgttactgagctgegt- and 5'-gaagcaatgctgtcacctteec.®’
The PCR conditions were as follows: 95 °C, 15 min, 30 cycles
(94 °C,30s;65°C,305s;72°C, 1 min; 72 °C, 7 min).

Intranasal Administration of Gold Nanoparticles and /n Vivo
Bioluminescence Imaging. After anesthesia, the transgenic mice
(n = 4) received intranasally (left nostril) 5 L of gold nanoparti-
cles or PEGylated QD705 (Invitrogen) (each normalized to a con-
centration of 10° particles mL™") or the equal volume of sterile
0.9% saline solution (5 pL). QDs were used as a control for PEGy-
lated nanoparticles and imaging. After intranasal delivery, the
animals were then longitudinally imaged using IVIS 200 Imag-
ing System (Xenogen, Alameda, CA). Prior to the imaging ses-
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sion, the mice received intraperitoneal (ip) injection of
p-luciferine, a luciferase substrate (150 mg/kg, Xenogen,
Alameda, CA) dissolved in 0.9% saline, as reported previously.*'>2
The mice were then anesthetized with 2% isoflurane in 1700%
oxygen at a flow rate of 2 mL/min and placed in the heated,
light-tight imaging chamber and maintained anesthetized by
constant delivery of 2% isoflurane/oxygen mixture at 1 L/min
through an IVIS anesthesia manifold. Images were collected us-
ing a high-sensitivity CCD camera with wavelengths ranging
from 300 to 600 nm, exposition time for imaging was 1—2 min.
The bioluminescence emission was normalized and displayed in
physical units of surface radiance, photons per second per centi-
meter squared per steradian (photons/s/cm?/sr). The light out-
put was quantified by determining the total number of photons
emitted per second using the Living Image 2.5 acquisition and
imaging software (Xenogen, Alameda, CA). Region-of-interest
(ROI) measurements on the images were used to convert sur-
face radiance (photons/s/cm?/sr) to source flux or total flux of
photons expressed in photons/s. The data were represented as
pseudocolor images indicating light intensity (red and yellow,
most intense) which were superimposed over grayscale refer-
ence photographs.

Tissue Collection and Immunofluorescence. The animals were anes-
thetized one week after gold nanoparticle or QD705 administra-
tion via an ip injection of chloral hydrate (10 mg/mL) and tran-
scardially perfused with PBS followed by a 4% paraformaldehyde
(PFA) solution at pH 7.4. Tissue sample were then postfixed over-
night in 4% PFA and then cryopreserved in phosphate-buffered
30% sucrose. Brains were embedded into Tissue-Tek (OCT com-
pound, Sakura, USA), kept at —20 °C overnight, cut into coronal
section with a Cryostat (35 wm thick), and stored at —20 °C. Im-
munofluorescence was carried out according to the procedures
described previously.”" Briefly, 200 wm sections were incubated
overnight at room temperature with primary antibodies, 1:750
rabbit polyclonal anti-lba1 (Wako), washed in PBS, and incubated
in corresponding fluorescent goat secondary antiserum (1:1000)
(Invitrogen).

NO Production. Nitric oxide (NO) release from N9 cells was mea-
sured using the Griess Reagent (1% sulphanilamide, 0.1% N-(1-
naphthyl)ethylenediamine dihydrochloride, 5% phosphoric
acid). After treatment, 50 pL of the supernatant from each well
was mixed with 50 pL of Griess reagent in a clear bottom 96-well
plate and incubated at room temperature for 15 min. Absor-
bance at 540 nm for each sample was measured in triplicate us-
ing the microplate reader.

Western Blotting for Toll-like Receptor 2 (TLR-2). Following treat-
ment, cells were trypsinized, pelleted, resuspended in lysis
buffer, sonicated briefly, and centrifuged and supernatants col-
lected. Of total cell extracts, 25 pug was loaded onto a 10% gradi-
ent sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) gel and transferred to a nitrocellulose membrane.
Membranes were washed with 0.1% Tween-20 + TBS and
blocked with 5% milk + 0.5% Tween-20 + TBS for 1 h at room
temperature and incubated with goat anti-TLR-2 (R&D Systems)
diluted 1:500 in blocking solution overnight at 4 °C. After five
washes with 0.1% Tween-20 + TBS, the membranes were incu-
bated with the HRP-conjugated anti-goat (Bio-Rad) diluted
1:3000 in 5% milk + 0.5% Tween-20 + TBS for 1 h at room tem-
perature. After five washes with 0.1% Tween-20 + TBS, HRP sub-
strate was added and incubated for 5 min, following which the
membranes were exposed to film,

ELISA Assay for Granulocyte Macrophage Colony-Stimulating Factor (GM-
CSF) and Interleukin 1 alpha (IL-1x). The cytokine secretion from mi-
croglia in the absence or presence of gold nanoparticles was
analyzed by ELISA assay (SABiosciences). The supernatants of
stimulated cells were collected after 6 h treatment at 37 °C and
analyzed for cytokine secretion using commercially available cy-
tokine ELISA kits: Multi-Analyte ELISArray for mouse inflamma-
tory cytokines (interleukins 1o, 1B, 2, 6, 8, 10, 12, 17«, tumor ne-
crosis factor a (TNFa), granulocyte macrophage colony-
stimulating factor (GM-CSF), interferon v (IFN-y), and macroph-
age colony-stimulating (M-CSF)) and single analyte ELISArray kits
for IL-1a and GM-CSF. Assays were conducted according to the
manufacturer’s protocol.
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Statistical Analysis. All data were expressed as mean = SEM
and analyzed by one-way ANOVA, as indicated. All values were
obtained from at least three independent experiments. When a
significant effect was obtained with one-way ANOVA, Dunnett’s
test was used to compare all values to the control. Alternatively,
student’s t-test was used to analyze significant differences be-
tween two group means.
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