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Au nanoshell/silica core (GNS) nanoparticles have been used for the photothermal ablation of tumors and imaging, and
have recently reached clinical trials. In this study, we compared the ability of bare (GNS) and PEGylated Au nanoshell/silica

core (PEG-GNS) nanoparticles in stimulating the production of IL-1B in both macrophage cell lines. GNS particles formed

large aggregates while PEG-GNS particles did not in cell culture medium. Correspondingly, GNS particles induced the

production of IL-1 while PEG-GNS did not in THP-1 macrophage cell line. Corroborating with in vitro results, GNS induced

a significant level of neutrophil influx in peritoneal cavity, and PEG-GNS reduced the level four times. The density of PEG

on particle surface has little effect on both the induction of IL-1B and neutrophil influx by PEG-GNS. The ability of induction

and scavenging reactive oxygen species (ROS) by GNS and PEG-GNS particles were also assessed. We demonstrated that

GNS was able to induce and scavenge ROS while PEG-GNS was not. The excess of ROS induced by GNS potentially caused

the activation of inflammasomes, and thus the secretion of IL-1B. Our finding in the reduction Il-18 production by

PEGylation of nanoparticles has implications in other particulates used for drug delivery, imaging and therapy.

Introduction

Au nanoshell/silica core (GNS) nanoparticles have a broad spectrum
of applications due to their unique tunable plasmon resonance.’
One of primary applications is laser-induced photothermal therapy,
particularly for targeting cancer cells due to their passive
accumulation at vascularized tumors *°. Circulating nanoparticles
have been shown to accumulate in other healthy organs as well,
such as the liver, kidneys, spleen, and Iungss. In those organs, there
exist abundant macrophages and other phagocytes that tend to
engulf nanoparticles encountered.

GNS for cancer treatment and imaging has been considered
relatively safe and biocompatible,7'9 In recent years, particulates,
such as micro- and nano- sized silica particles,m'12 asbestos, 10
aluminum hydroxide,11 and crystal uric acid®, have been shown to
activate an intracellular sensor, NACHT, LRR and PYD domains-
containing protein 3 (NALP3) inflammasome, in phagocytes. NALP3
Inflammasome is a protein complex consisting of apoptosis-
associated speck protein with a caspase and recruitment domain
(ASC) and caspase-1. NALP3 acts as a scaffold protein, and ASC
bridges NALP3 to caspase-1 for its activation. The activated caspase-
1 then cleaves precursors of proinflammatory cytokines, such as
pro-IL-1B, to IL—1[3.14 The release of IL-1B into extracellular space
triggers neutrophilic inflammatory responses. Several diseases,
including silicosis, gout, asbestosis, type |l diabetes mellitus, are
involved in the pathway of NALP3-IL-1p. IL-1B has been responsible
for many other disorders, which are extensively reviewed by
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It has been suggested that silica particles induced reactive oxygen
species (ROS) that was responsible for the activation of NALP3
inflammasome.*? Au nanoparticles, however, have been shown to
be capable of scavenging ROS.™ Would GNS nanoparticles induce
ROS and IL-1B? In order to enhance their circulation time,
poly(ethylene glycol) (PEG) has been used for modifying the surface
of GNS nanoparticles.17 How would PEGylation affect the
generation and scavenging ROS by Au nanoshell/silica core
nanoparticles? Would PEG attenuate or enhance the ability of GNS
nanoparticles in inducing the secretions of IL-1p?

In this study, we set out to address these questions. We show that
GNS nanoparticles, currently involved in clinical trials, were able to
induce IL-1pB secretions and neutrophil influx in vivo; PEGylation
reduced the level of IL-1B by macrophage cell lines and the
recruitment of neutrophils in vivo. Our results suggest that GNS
nanoparticles mediated-inflammation can occur in various organs
that are not being targeted for nanoshell enabled photothermal
therapy or imaging. Neutrophilic inflammation due to the
generation of IL-1B by GNS nanoparticles should be carefully
assessed. Surface modification of GNS nanoparticles or other
nanoparticles by PEGylation can potentially reduce the probability
of stimulating the production of ROS and IL-1B.
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Results and Discussion
Characterization of nanoparticles

Three types of nanoparticles, including GNS, PEG-GNS and silica
nanoparticles (Silica NP), were used in this study. GNS consisted of
a silica core of 119 £ 11nm in diameter and a 17 nm-thick of Au
shell (Figure 1A). Silica NP, the same as the silica core in GNS,
exhibited positive charge with the zeta potential of 40 mV (Figure
1A, B and D). PEG-GNS showed an increase in hydrodynamic
diameter up to 30 nm (Figure 1B) and in zeta potential to nearly
neutral when the concentration of PEG-SH in coating reaction
increased (Figure 1D). These results were consistent with previous
studies that showed PEGylated nanoparticles exhibited an increase
in hydrodynamic diameter and neutralization of surface charge
compared to their non-PEGylated ones.'® The thickness of PEG
corona on GNS was determined by calculating the difference of
hydrodynamic diameter between GNS and PEG-GNS (Figure 1C).
Marsh et. al suggest that PEG adopts from “mushroom” to “brush”
conformations categorized based on the thickness of PEG coating.19
We compared our estimations with those by Marsh et. al.* For
PEG-GNS in our study, lower than 5 nM of PEG-SH in the coating
reaction adopted a mushroom conformation while concentrations
above 5 nM resulted in a brush conformation.

Both GNS and PEG-GNS nanoparticles used in this study exhibited
similar dimensions (Figure 1A and B) and optical properties (Figure
1E) as in previous in vivo and in vitro studies.> > 2%

Morphological changes of nanoparticles and macrophages

After 24 h-incubation with cells at 37°C, GNS formed aggregates,
the size of which increased as the concentration of GNS increased
(Figure 2, top row). The PEG-GNS was well dispersed and formed
small clusters (Figure 2, middle row). At low concentrations of GNS,
cells appeared the similar morphology to control cells without
particles. At high concentrations (> 3 mg/ml) of GNS, cells formed
large clusters around the aggregates of GNS (Figure 2, top row). In
the presence of PEG-GNS, cells did not exhibit significant
morphological changes at the range of concentrations (0.1 ~ 5
mg/ml) we investigated (Figure 2, middle row). Cells formed
clusters in the presence of both Silica NP and silica microparticles
(Silica wP) (Figure 2, bottom row).

Induction of secretions of IL-1 by nanoparticles

Recent studies suggest that particulates such as silica particles and
asbestos can activate NALP3 inflammasome and induce the
cleavage of pro-IL-1 and subsequent IL-1 secretions.'® 11326 we
examined whether GNS, PEG-GNS and silica NP stimulated the
secretions of IL-1B by THP-1, a human macrophage-like cell line
(Figure 3). THP-1 cells have been shown to respond to a variety of
well-documented inflammasome-inducers.”’”?° THP-1 cells were
first treated with lipopolysaccharide (LPS) to induce pro-IL-1B. Upon
the stimulation of inflammasomes, pro-IL-1B is cleaved into IL-1fB,
which is secreted from cells. The stimulation of inflammasomes can
therefore be assessed by the secretion of IL-1f in THP-1 cells.

Some studies treated THP-1 first with Phorbol-12-myristate-13-
acetate (PMA) and then LPS. Using silica particles, we compared the
IL-1P secretions by THP-1 cells treated with LPS only or LPS and
PMA. We did not observe significant difference between two pre-
treatments (Supplemental Figure 1). THP-1 cells without PMA
treatment were more sensitive to a low concentration of silica
particles and secrete higher level of IL-13 compared to cells treated
with both PMA and LPS. It has also been suggested that PMA
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treatment can up-regulate some genes in THP-1 cells that
overwhelm gene expression changes by stimuli of interest.®
Therefore, in this study, we treated THP-1 cells with LPS only.

As shown in Figure 3 A, GNS yielded a statistically significant higher
level of IL-1B (p < 0.05) at or greater than 3 mg/ml nanoparticles
compared to cells without particles, and the level of IL-1B increased
as concentrations of particles increased. Silica NP at the same
either mass concentration (Figure 3A) or number of particles per
cells (Figure 3B) as GNS particles induced nearly 6 fold higher level
of IL-1B. When the concentration of silica NP was greater than 2
mg/ml), the level of IL-2f started to level off because of cell death.
PEGylation reduced the level of IL-1B induced by GNS (Figure 3A). In
summary, the ability of the same mass concentration of
nanoparticles in stimulating the inflammasomes followed the order:
silica NP > GNS > PEG-GNS nanoparticles.

We subsequently examined whether the coverage of PEG would
affect the induction of IL-13 by PEG-GNS (Figure 3C). PEG coating
reduced the level of IL-1f induced by GNS significantly at as low as
0.01 or 0.05 mM PEG-GNS used in the coating reaction. Based on
the zeta potential measurement (Figure 1D), the coverage of PEG
on GNS at these two concentrations was low. As the coverage
further increased (PEG-SH concentration was at 0.1 nM), the level
of IL-1f decreased to the same level as untreated cells. From Figure
1D, zeta potential increased from -45 mV to -30 mv when the
coating concentration of PEG-SH changed from 0.05 to 0.1 nM. It
indicated that PEG coverage was significantly increased. As the
concentration of PEG-SH further increased, there was no significant
change in the level of IL-18, although zeta potential continued
increasing. These results suggest a threshold of PEG coverage may
be required in order to completely abolish the induction of IL-1p by
a type of particles, i.e. GNS.

Recruitment of neutrophils in vivo

IL-1B mediates the influx of neutrophils in vivo by the induction of
neutrophil-attracting chemokines and the up-regulation of adhesion
molecules by the vasculature.® It also prolongs the survival of
neutrophils. As a result, it increases the number of neutrophils
locally. We then assessed whether GNS and PEG-GNS could induce
the influx of neutrophils into the peritoneal cavity of mice, which
contains a large quantity of macrophages, by injecting different
amounts of particles into the cavity (Figure 4). Two surface
molecules, Lys-6B.2(7/4) and Lys-6G, were used to identify the
neutrophils. Alum, a known agent that induces the neutrophil
influx, was used as positive control and to determine the gating of
Lys-6B.2(7/4) and Lys-6G positive cells (Figure 4A). Consistent with
previous studies, Alum recruited a high level (8x10° cells/2.5 mg
Alum) of neutrophils into peritoneal cavity.11

We chose a dose range of GNS or PEG-GNS commonly used in vivo
studies.>™ 3 Sixteen hours later, the number of neutrophils in
peritoneal lavage was assessed (Figure 4B). GNS induced the
neutrophil influx in a dose-dependent manner, and PEGylation
reduced the level of neutrophil influx significantly. Consistent with
our observations of IL-1B secretions by THP-1 cells, the density of
PEG on the surface of GNS did not affect the level of neutrophil
influx significantly although it was reproducibly observed that the
higher PEG coverage reduced the influx of neutrophils at a higher
degree. We would also like to note that PEGylation of GNS induced
a much lower level of neutrophil influx in comparison with bare

This journal is © The Royal Society of Chemistry 20xx
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GNS-treated mice but did not completely abolish the neutrophil
influx in comparison with PBS-treated mice.

Generation of ROS by nanoparticles

It has been shown that many particulates, such as silica particles or
uric acid, induce IL-1pB through the ROS-dependent activation of
NALP3 inflammasome.™ The ROS releases thioredoxin (TRX)-
interacting protein (TXNIP) from TRX, and the released TXNIP binds
and activates inflammasome.** We subsequently assessed
intracellular ROS levels induced by different nanoparticles by a ROS
fluorescent probe, H2DCFDA (Figure 5A — D).

Cells exposed to a given concentration of soluble H,0, and silica
microparticles (Silica uP) were used as controls. We monitored the
fluorescence change for 2 h. The fluorescence of oxidized H2DCFDA,
i.e. DCF, leveled off after 1 hour for all the particle groups and
soluble H,0, except high concentrations of silica NP and pP. For
clarification, we compared all the groups at 100 min (Figure 5E). As
expected, intracellular level of H,0, linearly increased as
extracellular concentration of H,0, increased. Silica uP generated a
significant level of ROS as demonstrated in previous studies.” Silica
NP also generated a significant level of intracellular ROS, which
increased as the mass concentration of particles increased. Both
GNS and PEG-GNS did not yield a significantly higher level of
intracellular ROS in comparison with cells without any treatments.

Scavenging and fluorescent quenching by Au nanoparticles

GNS particles at the concentration greater than 3 mg/ml instigated

a low, but significantly higher level of IL-1B in comparison to control
cells in vitro (Figure 3A) and GNS particles induced neutrophil influx
in peritoneal cavity (Figure 4B). The signal of DCF of cells treated by
GNS and PEG-GNS nanoparticles was unexpectedly lower than or at
most similar to untreated cells.

Two questions were raised: do GNS or PEG-GNS nanoparticles not
generate ROS at all or is the generated ROS scavenged by them? Do
Au nanoparticles quench the fluorescence of DCF? We first tested
whether Au nanoparticles acted as the scavenger of ROS. A known
concentration of H,0, was reacted with both GNS and PEG-GNS
nanoparticles for 45 min followed by the complete removal of Au
nanoparticles. The residual of H,0, was detected by H,DCFDA. As
shown in Figure 6A, in the presence of GNS particles, the level of
H,0, was reduced and the decrease was proportional to the
amount of GNS nanoparticles. In contrast, PEG-GNS resulted in little
change in the level of H,0, (Figure 6B). These results demonstrate
that GNS particles can decompose H,0, while PEG-GNS particles
cannot.

The broad absorption spectrum of both GNS and PEG-GNS particles
(Figure 1E) suggested that they could potentially quench the
fluorescence of DCF, which was excited at 490 nm and emitted at
536 nm. We tested this possibility by first oxidizing H,DCFDA with a
given concentration of H,0, and then assessed the fluorescence
intensity of DCF in the presence or absence of GNS or PEG-GNS. As
shown in Figure 7, both GNS and PEG-GNS quenched the
fluorescence of DCF at a concentration dependent manner. In the
presence of 1 mg/ml of particles, the fluorescence of DCF was
reduced 6 times.

GNS and PEG-GNS exhibited a similar degree of quenching at the
same concentration of particles while only GNS was able to
scavenge ROS significantly. These results suggest the intracellular
DCF signals (Figure 5) were not directly correlated with the amount
of ROS produced by cells exposed to either GNS or PEG-GNS. At low
concentrations of particles, intracellular DCF signal induced by PEG-

This journal is © The Royal Society of Chemistry 20xx
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GNS was lower or similar to untreated cells while that induced by
GNS was lower than untreated cells. The DCF signals due to the
generation of ROS by either PEG-GNS or GNS were quenched or
scavenged. This indicated that both PEG-GNS and GNS generated a
low level of ROS at low concentrations of particles. At high
concentrations (> 3 mg/ml), intracellular DCF signals for PEG-GNS-
treated cells was completely diminished which suggests that the
level of ROS generated was still low, and the DCF signal due to ROS
was completely quenched by the high concentration of PEG-GNS.
On the contrary, intracellular DCF in GNS-treated cells was similar
to untreated cells, though a much significantly higher level of
quenching and scavenging was expected than that at low
concentrations of particles. This indicates that GNS at high
concentrations induced a much higher level of ROS than PEG-GNS
and than at the low concentrations of GNS. The excess of ROS,
which was not decomposed by GNS nanoparticles, was expected to
contribute to the activation of NALP3 inflammasomes and instigate
the secretions of IL-1B.

Discussion

GNS are currently utilized in clinical trials for cancer treatment.*
The components of these particles, silica and Au, are considered to
be both biocompatible and nontoxic, and are used in various
applications in medicine.? In this study, we have assessed the ability
of GNS, PEGylated GNS (PEG-GNS) and silica core nanoparticles
(Silica NP) to induce the production of proinflammatory cytokines
IL-1B (Figure 3). Our results demonstrate that bare GNS induced
significantly higher levels of IL-1B by THP-1 macrophages at
concentrations greater than 3 mg/ml compared to untreated cells
while PEG-GNS did not (Figure 3); silica core nanoparticles yielded
about 6 times higher level of IL-1B by THP-1 macrophages than GNS
at the same mass concentration or the number of particles per cells
(Figure 3A-B). Surprisingly, a significant level of neutrophil
recruitment was observed even at the medium to low
concentration range of GNS that used for in vivo photothermal
cancer treatment.” 3> ** PEG-GNS reduced but did not abolish the
influx of neutrophils. We tried to detect the IL-1B in blood and in
peritoneal lavage by ELISA. The level was low to undetectable. It is
likely due to the dilution in blood (about 2 ml) or lavage washes
(about 10 ml). The detection limit of ELISA is 20 pg/ml. The minimal
concentration of IL-1p in blood and lavages must be 40 or 200
pg/ml, respectively, to be detected. This level of IL-1B is sufficient to
induce the recruitment of neutrophils.

It has recently been suggested that the ROS induced by particulates,
such as silica NP and pP and crystal uric acid, activates NALP3
inflammasome, which cleaves pro-IL-1B into secretory form of IL-
1B.1°’ 12:36.37 |ntracellular ROS was detected by H2DCFA in this
study. For silica particles, the generation of IL-1B was correlated
with the intensity of DCF and the level of ROS, which is consistent
with previous findings.lz’ *% The correlation of DCF signal, ROS level
and IL-1PB generation induced by GNS and PEG-GNS became less
apparent due to the quenching and scavenging effects of these
particles (Figure 6 and 7). Based on our observations (Figure 5 - 7),
PEG-GNS did not seem to induce a significant level ROS (Figure 5B),
and the reduced signal of DCF compared to untreated cells was
possibly due to the quenching effect by particles (Figure 7). GNS did
induce ROS at high concentrations (> 3 mg/ml), though the
scavenging (Figure 6A) reduced the intracellular level of ROS and
the quenching effect decreased the signal of DCF (Figure 7). The
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scavenging effect of GNS might explain that GNS was less active in
stimulating the secretion of IL-1p than silica NP (p < 0.05) (Figure 3).

ROS can be generated due to frustrated phagocytosis, which occurs
when particles cannot be internalized by cells. Frustrated
phagocytosis is considered to activate the NADPH oxidase-mediated
pathway to generate ROS.* Zhou and colleagues have recently
demonstrated that mitochondria, in response to the insult from
particulates such as silica and MSU crystals, can generate ROS as
well *. GNS nanoparticles formed aggregates in cell culture, which
became more severe at the high mass concentrations.
Macrophages formed clusters and attempted to engulf the
aggregated GNS (Figure 2, top row). In contrast, PEG-GNS
nanoparticles remained dispersed and formed rather small
aggregates even at high concentrations; cells did not cluster around
these aggregates and attempt to engulf them (Figure 2, middle
row). Zhang et al. have demonstrated that fumed silica NP, which
forms chainlike structures and cannot be internalized by cells,
activates inflammasomes.*’ The fumed silica nanostructure formed
on the surface of the cells in the study are similar to aggregated
GNS in this study. They propose that fumed silica NP causes the
damage of cell membrane via hydrogen-bonding interactions. As a
result, cells produce ROS either through NADPH oxidase pathway or
from strained siloxane rings on fumed silica NP. GNS can scavenge
ROS (Figure 6). GNS itself unlikely acts as the source of ROS. We
speculate that the induction of ROS by GNS was most likely due to
frustrated phagocytosis through NADPH oxidase-mediated pathway
or other pathways. The detailed mechanisms require further
elucidations.

GNS particles injected intravenously for cancer photothermal
therapy accumulates in the liver, kidney, spleen, and lungs in
addition to the targeted tumor sites.® High levels of accumulation in
those organs can expose phagocytes, such as macrophages, to an
environment containing a high concentration of particles. In such
cases, the stimulation of IL-1pB secretions likely occurs and leads to a
cascade of inflammatory responses in untargeted organs. Chronic
inflammation at untargeted sites can compromise the treatment of
cancers and cause severe side effects.*” ** GNS nanoparticles are
often PEGylated for in vivo applications.a‘6 The PEGylation provides
the steric repulsion to reduce aggregation of nanoparticles as well
as protein absorption,17 Our results suggest that PEGylation possibly
attenuates the ability of GNS in stimulating ROS due to the
frustrated phagocytosis by reducing the amount of aggregation that
occurs (Figure 2). On the other hand, PEGylation mitigated the
scavenging effect of ROS by GNS. Careful optimization of
parameters of PEGylation would maximize the therapeutic effects
of GNS while reducing the unwanted inflammatory responses. Our
studies investigated the effect of PEG and its surface coverage on
the reduction of the neutrophil influx of GNS nanoparticles. The
finding can be extended to other particles (i.e. gold nanorods, silica
nanoparticles) that are used for either therapy or imaging.

Experimental
Materials

Tetraethyl orthosilicate, ammonia, (3-Aminopropyl)
trimethoxysilane, gold (ll1) chloride hydrate, sodium bicarbonate,
tetrakis(hydroxymethyl)phosphonium chloride solution, sodium
chloride, dihydrorhodamine 123, dichlorodihydrofluorescein, and
sodium carbonate were obtained from Sigma-Aldrich (St. Louis,
MO) and used as received. Carbon monoxide gas was obtained from
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Praxair (Danbury, CT). Cell culture supplies were obtained from
Invitrogen (Carlsbad, CA). Min-U-Sil-15 was kindly provided by U.S.
Silica (Berkeley Springs, WV). Enzyme-linked immunosorbent assay
(ELISA) reagents including primary and secondary antibodies,
streptavidin-horse radish peroxidase (SA-HRP), and 3,3’,5,5’-
tetramethylbenzidine (TMB) were obtained from eBiosciences (San
Diego, CA).

Cell Culture

THP-1 cells (ATCC) were maintained in Roswell Park Memorial
Institute (RPMI) 1640 media supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 1mM sodium pyruvate, 10 mM (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid )(HEPES), 50 uM
2-mercaptoethanol (2-ME), and 1.5 g/L glucose. Cells were
maintained at 37 °C and 5% CO,, and kept at a concentration of
between 4 and 8 x10° cells/ml. Passages between 6 and 16 were
used for this study.

Fabrication of nanoparticles

Silica core nanoparticles (Silica NP) and Au nanoshell/silica core
nanoparticles (GNS) were fabricated as previously described.>*
The PEGylated GNS nanoparticles (PEG-GNS) were fabricated by
PEG-SH (MW: 5, 000 Da, Sigma) dispersed in Milli-Q water drop-
wise to 4.75 ml GNS nanoparticles at the concentration of

~1x10" nanoparticles/ml in Milli-Q water in a 15 ml-glass test tube
while vortexing. The final PEG concentration was varied from 0.01-
50 nM.The GNS reaction mixture was then left on a shake plate for
1 hour at room temperature. Excess PEG-SH was removed by 3
times centrifugation at 1000 rpm for 30 mins; each time particles
were redispersed in 5 ml Milli-Q water. After the final wash, the
particles were re-dispersed in 4.75ml of Milli-Q water to keep the
concentration of particles to ~1x10™ nanoparticles/ml (1mg
GNS/ml). The PEG-GNS nanoparticles were stored in Milli-Q water
at 4°C before use.

Characterization of nanoparticles

Nanoparticles were characterized by scanning electron microscopy
(SEM) (JOEL 7200 SEM) and UV-Vis spectroscopy (Molecular Devices
Spectramax M5). The particle size was calculated based on SEM
images. The shell thickness was estimated based on the images of
silica NP and GNS nanoparticles. The size distribution and
polydispersity, and zeta potential of nanoparticles were examined
by the dynamic light scattering (DLS) using a Malvern Zetasizer
Nano ZS (Malvern Instruments Ltd Worcestershire, UK).

The silica particle concentration was calculated based on the
average volume of each individual silica particle and silica mass
concentration determined by freeze-drying an aliquot of known
volume of the stock solutions. The molecular weight and density of
the silica particles was assumed to be similar to bulk values. The
GNS concentration was estimated based on the quantity of silica
nanoparticles assuming no loss of silica nanoparticles during the
preparation of GNS nanoparticles.

The PEG surface conjugation was characterized by DLS to determine
the PEG thickness and zeta potential. PEG thickness was calculated
by subtracting the hydrodynamic diameter of the bare gold
nanoshells from the PEGylated nanoshells.

Stimulation of macrophages

This journal is © The Royal Society of Chemistry 20xx
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THP-1 cells were initially treated in 96-well plates with 2 pg/ml
lipopolysaccharide (LPS) from Escherichia coli 0111:B4 (Sigma) for
24 hours at 1x10° cells/well. Priming with Phorbol-12-myristate-13-
acetate(PMA, Sigma) prior to LPS did not show a significant effect
on IL-1B secretion(Supplementary Figure 1).They were then co-
cultured with different nanoparticles and silica uP (Min-U-Sil 15
silica crystals) in culture medium without FBS for 4 hours before the
addition of the FBS to a final concentration of 10%. The morphology
of cells was monitored up to 24 h. Supernatants were sampled after
24 hours for enzyme-linked Immunosorbent Assay (ELISA). THP-1
cells treated with LPS and incubated with cell culture media only
were used as negative controls to determine the background level
of IL-1B.

ELISA

The level of IL-1B secreted by macrophages was assessed by
ELISA. Anti-human IL-1B (clone CRM56) was used as the capture
antibody and biotinylated mouse anti-human IL-1B antibody (clone
CRMS57) was used as the detection antibody. Samples were diluted
at a proper range with the blocking buffer (1% FBS in PBS). The
detection range for IL-1B was 8 - 2000 pg/ml. Standard procedures
described in eBioscience protocol literature (eBioscience) were
used.

Assessment of the recruitment of neutrophils in vivo

0— 10 mg per mouse of particles dispersed in 250 ul of Milli-Q
water were administered into 8-10 week old female C57BL/6 mice
(Jackson Laboratory) by intraperitoneal (i.p.) injection. 250 ul of 10
mg/ml of Aldohydrogel aluminum hydroxide adjuvant (Alum,
Brenntag) and sterile PBS were used as positive and negative
controls, respectively. After 16 hours, the mice were euthanized by
the inhalation of CO,. The peritoneal cavity was lavaged by 5 ml of
ice cold PBS containing 1% FBS twice. The lavage was pooled. At
least 8 ml of the lavage fluid was collected per sample. 7 ml of the
lavage fluids were centrifuged, and cells were collected for the
identification of neutrophils and the supernatants were collected
for the quantification of IL-1B. The cells were incubated with Fc
Block (clone number 93, BD Biosciences and subsequently stained
with anti-Lys-6G PE (eBioscience) and anti-Lys-6B.2 (7/4) FITC (Abd
Serotec). The percentage and number of neutrophils were analyzed
by flow cytometry. Data was analyzed using Flowjo software (Tree
Star). All the procedures used in this study complied with federal
guidelines and institutional policies, and were approved by the
University of Washington Institutional Care and Animal Use
Committee.

Detection of intracellular ROS

Intracellular ROS generation was assessed using the fluorescent
probes 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA) (Sigma
Aldrich St. Louis, MO). H,DCFDA are cell permeable dyes that
become fluorescent following the oxidation by ROS into 2',7'-
dichlorofluorescein (DCF). 1x10° of LPS-treated THP-1 cells in 96-
well plate were incubated with 100 ul of 10 uM H,DCFDA for 45
min, washed twice carefully with DPBS. Then they were given the
indicated concentration of nanoparticles dispersed in media
without FBS and 2-ME. ROS levels were monitored for a duration of
2 hours at 490 nm 18/536 nm (Em) by a SpectraMax M5 plate reader
at37°C.

This journal is © The Royal Society of Chemistry 20xx
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Assessment of scavenging effect of nanoparticles

50 ul of hydrogen peroxide (H,0, 30%) diluted to 0.2-20 uM was
added to 50 pl of sterile-filtered PBS containing GNS and PEG-GNS
for 30 min at a final concentration range from 0.1 to 10 uM of H,0,
in 96 well U-bottom plates. The solutions were then spun down at
2000 rpm for 10 min at 4°C to remove all the nanoparticles. 50 pl of
the supernatant was then transferred to an opaque white Costar
96-well plate, and mixed with 50 pl of solution containing 10 uM of
DCF and 1:100 (v:v) of HRP in sterile filtered PBS. The solutions were
allowed to react for 15 min at room temperature before the
fluorescence was measured at 490 nm 18/536 nm (Em) in 96-well
plate on a SpectraMax M5 plate reader at 25°C.

Assessment of the quenching of fluorescence of DCF by Au
nanoparticles

A 50 pl of solution containing 100 uM of H,0,, HRP at a 1:100 (v:v)
ratio, and 10 uM of DCF dispersed in sterile filtered PBS was reacted
for 15 min, and then was mixed with 50 pl of nanoparticles in
sterile-filtered PBS. The particles were at a final concentration of 0
to 1 mg/ml. The intensity of DCF was measured immediately at 490
nm (Ex)/536 nm (Em) in 96-well plate by a SpectraMax M5 plate
reader at 25°C.

Statistical analysis

All results are representative of at least three sets of independent

experiments, with samples performed in duplicates or triplicates in
each experiment. Results represent average values * one standard
deviation (SD) of the samples unless otherwise indicated.

Conclusions

We have demonstrated here that bare Au nanoshell/silica core
nanoparticles stimulate the release of the proinflammatory
cytokine IL-1B and induced the influx of neutrophils. They join a
growing list of particulates that act as “danger signal” and trigger
the intracellular sensors of the innate immune system. Colloidal
stability of particles in a given physiological environment appears to
play a critical role. Aggregations of particles can lead to ROS
generation and IL-1p secretions possibly due to frustrated
phagocytosis. Surface modification of these particles with PEG can
successfully minimizes the aggregation and secretion of IL-1. These
findings have important implications in designing nanoparticles for
either imaging or therapy. Though Au nanoshell/silica core
nanoparticles were assessed in this study, our finding that
PEGylation reduced the induction of IL-1B and neutrophil influx has
implications in other particulates for drug delivery, imaging and
therapy as well.
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Figure Captions

Figure 1. Characterization of nanoparticles. (A) Scanning electron
microscopy (SEM) image of silica nanoparticles (silica NP), and Au
nanoshell/silica core nanoparticles (GNS). (B) Hydrodynamic diameter of
silica NP (indicated as SNP in B), GNS, PEGylated GNS (PEG-GNS) at different
concentrations of PEG-SH in the coating reaction (Rxn). (C) Calculated
thickness of PEG corona on PEG-GNS at different concentrations of PEG-SH
in the coating reaction. (D) Zeta Potential of nanoparticles. (E) UV-Vis
absorption spectra of GNS and 50 nM PEG-GNS in water. The GNS had a
surface plasma resonance (SPR) peak at 830 nm. 50 nM PEG-GNS indicates
that GNS was coated with PEG at the 50 nM of PEG-SH in the Rxn.

Figure 2. Morphology of THP-1 cells incubated with 1 - 5 mg/ml of particles
for 1 hour (A) and 4 hours (B) prior to imaging. Images with 1, 3 and 5
mg/ml of GNS (top row) or 50 nM PEG-GNS (middle row) were shown. 50
nM PEG-GNS denotes GNS was coated with PEG at the concentration of 50
nM under experimental conditions. For clarity, Silica NP at 0.1 mg/ml was
shown only. Cells with no nanoparticles (Control) were used as controls.
Scale bar = 10um.

Figure 3. (A) and (B) IL-1B levels as a function of mass/cell and particles/cell
given to THP-1 cells, respectively. LPS-primed THP-1 cells were stimulated
with GNS, 50 nM PEG-GNS, and silica NP at concentrations ranging from
0.01 mg/ml to 5 mg/ml. Silica NP were used as a positive control, and
untreated cells were used as a negative control (Control). IL-1B secreted by
stimulated THP-1 cells were collected after 24 hours and quantified by
ELISA. (C) IL-1b level as a function of PEG coverage on GNS represented by
the concentration of PEG-SH used in the coating reaction. 3 mg/ml GNS was
pegylated with a range of concentrations (0 - 10nM) during the coating
reaction. * indicates p < 0.05 with respect to 0 mg/ml GNS, # indicates p <
0.05 with respect to unpegylated GNS. Values are representative of three
independent experiments.

Figure 4. (A) Identification of neutrophils by flow cytometry. (B) In vivo
neutrophil influx assessed for GNS (1, 5, and 10 mg/mouse) and PEG-GNS
fabricated at 0.01 and 5 nM PEG-SH at 10 mg/mouse. PBS was used as a
negative control. Experiments are representative of three independent
experiments. Values are mean * S.D. * indicates p < 0.05 with respect to PBS
control. # indicates p < 0.05 with respect to 10 mg GNS. Values are
representative of three independent experiments.

Figure 5. Kinetics of ROS generation by THP-1 cells treated with GNS (A), 50
nM PEG-GNS (B), silica NP and microparticles (uP) (C), and H,0, (D). RFU
indicates relative fluorescent units. For clarity, different ranges of
fluorescence intensity (DCF RFU), A (0 ~ 200), B (0 ~ b00), C (0 ~ 600), and D
(0~ 2500), were plotted. The fluorescent intensity of DCF at 60 min was
plotted in (E). LPS-treated THP-1 macrophage cells were stimulated with
nanoparticles at concentrations ranging from 0.1 mg/ml to 5 mg/ml. Silica
NP and uP and extracellular H,O, were used as a positive control, and
untreated cells were used as a negative control (Control). ROS generation
was monitored for the duration of 300 min.

Figure 6. Scavenging effects of GNS (A) and 50 nM PEG-GNS (B)
nanoparticles. Values were subtracted from PBS samples with the addition
of nanoparticles but without H,0,. Values are mean * S.D. * indicates p <
0.05 with respect to samples without nanoparticles. Values are
representative of three independent experiments.

Figure 7. Quenching effects of GNS (A) and 50nM PEG-GNS (B)
nanoparticles. Values are mean + S.D. * indicates p < 0.05 with respect to

This journal is © The Royal Society of Chemistry 20xx
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PEGlyation of Au nanoshell/silica core (GNS) particles reduces the aggregation in cell culture and
the generation of IL-1bERand the influx of neutrophils in mouse peritoneal cavity.
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