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Abstract

Silver nanoparticles (AgNPs) are increasingly being incorporated into products for their
antimicrobial properties. This has resulted in increased human exposures and the possibility of
adverse health effects. Mast cells orchestrate allergic immune responses through degranulation
and release of pre-formed mediators. Little data exists on understanding interactions of AgNPs
with mast cells and the properties that influence activation and degranulation. Using bone marrow-
derived mast cells and AgNPs of varying physicochemical properties we tested the hypothesis that
AgNP physicochemical properties influence mast cell degranulation and osteopontin production.
AgNPs evaluated included spherical 20 nm and 110 nm suspended in either polyvinylpyrrolidone
(PVP) or citrate, Ag plates suspended in PVP of diameters between 40-60 nm or 100-130 nm, and
Ag nanowires suspended in PVP with thicknesses <100 nm and length up to 2 microns. Mast cell
responses were found to be dependent on the physicochemical properties of the AgNP. Further,
we determined a role for scavenger receptor B1 in AgNP-induced mast cell responses. Mast cell
degranulation was not dependent on AgNP dissolution but was prevented by tyrosine kinsase
inhibitor pretreatment. This study suggests that exposure to AgNPs may elicit adverse mast cell
responses that could contribute to the initiation or exacerbation of allergic disease.
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Introduction

The applications of nanotechnology are rapidly expanding and revolutionizing many fields
primarily through the incorporation of nanoparticles (NPs) into numerous biomedical and
consumer products. In particular, silver nanoparticles (AgNPs) are one of the most utilized
NPs due to their antimicrobial/fungal properties (Dong et al., 2012; Levard et al., 2013;
Nocchetti et al., 2013). More than 300 globally available consumer products, such as wound
dressings, IV bags, dermal creams, water filters, and many household products, incorporate
AgNPs (Project, 2014). Indeed, the annual global production of AgNPs is estimated to be
>55 tons (Piccinno et al., 2012). A direct interaction of end user and AgNP-based products
increases the risk of possible exposure through Ag or Ag* leaching out from these products
and could possibly result in adverse health outcomes (Christensen et al., 2010). For instance,
AgNPs used as coatings on surgical implants may enter into the systemic circulation and
translocate into different organs such as the lung and/or liver (Rahman et al., 2009; Tang et
al., 2009). More importantly, some food storage containers that use AgNP coatings that have
been found to release nanostructured Ag into food due to an increase dissolution under high
salt concentration (Echegoyen and Nerin, 2013). Animal studies have demonstrated that
AgNP exposure results in hepatotoxicity and pulmonary inflammation (Sung et al., 2008;
Tiwari et al., 2011). In addition, AgNPs have been reported to interact with immune cells
and induce cytotoxicity through the generation of reactive oxygen species (Carlson et al.,
2008; Nishanth et al., 2011). To date, limited research exists evaluating the ability of NPs to
directly interact with immune cells involved in allergy such as mast cells and possibly
resulting in or exacerbation of allergic disease.

Mast cells are found in most tissue types and play an important role in innate immunity, host
defense and allergic disease (Brown et al., 2008). Mast cells are well studied for their role in
allergic disease and activation through IgE and the high affinity IgE receptor (FceRI)
leading to the release of a variety of mediators including histamine, serotonin, and
inflammatory cytokines such as TNF-a, osteopontin (OPN), and eosinophil chemoattractant
factor as examples (Brown et al., 2008). In addition, mast cells recognize pathogens through
toll-like receptors and scavenger receptors (McCurdy et al., 2003; Medic et al., 2008).
Recent animal studies have demonstrated that mast cells contribute to the inflammatory
response following NP exposures. Specifically, it has been reported that mast cells are
involved in lung inflammation and fibrosis following exposure to multi-walled carbon
nanotubes (MWCNTS) (Katwa et al., 2012). In addition, mast cells have been shown to be
involved in cerium oxide-induced alterations in vascular reactivity (Wingard et al., 2011).
Even though mast cells appear to be central in the pathogenesis following NP exposure little
research has been done assessing the direct interaction of NPs with mast cells. While mast
cells are well-known to be involved in allergic conditions, it is currently unclear if NPs have
the capacity to induce and/or promote an allergic disease state (Podila and Brown, 2013;
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Shannahan and Brown, 2014; Shannahan et al., 2012). One study reported that AgNPs can
induce mast degranulation in the RBL-2H3 rat basophilic cell line, however, the study was
focused on real-time live cell imaging of the degranulation process but not the influence of
physicochemical properties of AgNPs (Yang et al., 2010). In another study, researchers used
mouse peritoneal mast cells to compare uptake of spherical Au and Ag NPs (Marquis et al.,
2011). This study demonstrated that positively charged NPs were internalized more than
negatively charged NPs while mast degranulation was decreased in cells exposed to
negatively charged AgNPs.

Scavenger receptors are well known for their role in recognizing and binding lipid molecules
such as low-density lipoprotein (LDL) and high-density lipoprotein (HDL) (Goldstein et al.,
1979; Krieger and Herz, 1994; Landschulz et al., 1996). Scavenger receptor B1 (SR-B1) is a
multi-ligand receptor that preferentially binds lipid molecules and other negatively charged
molecules (Krieger and Herz, 1994; Landschulz et al., 1996; Rigotti et al., 1997b).
Furthermore, SR-B1 has been reported to recognize and bind with pathogens and NPs (Eyre
et al., 2010; Mooberry et al., 2010). Many different types of cells express SR-B1 including
epithelial cells, endothelial cells, and macrophages. Specifically, the cellular uptake of
AgNPs by macrophages and subsequent apoptosis has been shown to be scavenger receptor
dependent (Singh and Ramarao, 2012). Therefore it is likely that other cells, which express
scavenger receptors on their surface such as mast cells, may interact with AgNPs similarly
and this receptor interaction may mediate toxic responses.

In this study, we hypothesized that NP physicochemical properties such as size, shape, and
surface coating will influence mast cell degranulation through interaction with SR-B1. To
address this hypothesis, bone marrow derived mast cells were used to assess AgNP directed
degranulation using AgNPs of differing size, shape and surface coating. Lastly, we
evaluated the role of SR-B1 in the observed mast cell degranulation response to various
AgNPs.

Materials and Methods

Silver Nanoparticles

20 and 110 nm spherical AgNPs either suspended in citrate (C20 and C110) or
polyvinylpyrrolidone (PVP) (P20 and P110) were procured through the National Centers for
Nanotechnology Health Implications (NCNHIR) and initially characterized by the National
Characterization Laboratory at the National Cancer Institute. Two types of nanoplates with
optical resonance peak at specific wavelengths of 550 nm and 850 nm suspended in PVP
(P550 and P850), or Ag nanowires that are up to 2 pm suspended in PVP were purchased
from NanoComposix at a concentration of 1 mg/ml. All AgNPs were negative for endotoxin
contamination.

Silver Nanoparticle Characterization

The hydrodynamic size and Zeta potentials (ZetaSizer Nano, Malvern) of all AgNPs were
characterized in N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES). All
measurements were performed with 3 individuals samples at a concentration of 50 pg/ml.
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The size and shape of the AgNPs were confirmed via transmission electron microscopy
(TEM, Hitach H7600). Size distribution analysis was performed using the freeware software
Image J. A minimum of 100 particles per sample were counted by randomly surveying the
entire TEM grid from multiple high magnification images. Image J was used to determine
both area and Feret diameters (the greatest distance between two points on an objects
boundary).

Reagents and Antibodies

Cell Culture

SR-BL1 inhibitor 2-(2-butoxyethyl)-1-cyclopentanone thosemicarbazone (BIt2) (Chembridge
Corp., San Diego, CA, USA), Rat Lysosome-associated membrane proteins 2 (Lamp2) anti-
mouse antibody (eBioscience Inc., San Diego, CA, USA), Imatinib (= 98%) (Cayman
Chemical Company, Ann Arbor, MI, USA)

Bone marrow-derived mast cells were cultured from femoral marrow cells of C57BI/6 mice
(Jackson Laboratories, Bar Harbor, ME). Bone marrow from 2 mice were used for each
batch of mast cells. Cells were cultured in RPMI 1640 medium supplemented with 10%
FBS, 100 U/ml penicillin, 100 ug/ml streptomycin, 100 pug/ml Primocin™ (Invivogen, San
Diego, CA), 25 mM HEPES, 1.0 mM sodium pyruvate, nonessential amino acids
(BioSource International, Camarillo, CA), 0.0035% 2-ME and 300 ng/ml recombinant
mouse IL-3 (PeproTech, Rocky Hill, NJ). Mast cells were used following 4-6 weeks of
culture at 37°C and 5% CO,. All animal procedures were conducted in accordance with the
National Institutes of Health guidelines and approved by the University of Colorado Denver
Institutional Animal Care and Use Committee. All animals were treated humanely and with
regard for alleviation of suffering. Cytotoxicity of AgNPs at concentrations used in this
study were evaluated by MTS and LDH assays (Promega, Madison WI) and did not induce
cytotoxicity compared to the control group (data not shown). Further these concentrations
were based on the evaluation of other nanoparticles which have utilized similar
concentrations as performed by the NIEHS Nano GO Consortium (Xia et al., 2013).

Enhanced Darkfield Imaging

3x10° cells were exposed to AgNPs at concentration of 50 pg/ml for 1 h then washed and
spun on a glass slide using a Cytospin 1V (Shandon Scientific Ltd., Cheshire, UK) at 300
rpm for 5 min. Cells were then fixed in 2% paraformaldehyde solution for 10 min at 37°C
then washed with phosphate-buffered saline (PBS) three times and mounted with DAPI
staining ProLong® (Life Technologies, Carlsbad, CA). Cells were then qualitatively
assessed by enhanced dark field microscopy (Cytoviva, Auburn, AL) for uptake of AgNPs
by focusing on the DAPI stained nucleus.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

3x10° cells were pretreated with or without the scavenger receptor B1 (SR-B1) inhibitor
BIt2 at a concentration of 50 uM. After 30 min, cells were exposed to AgNPs at
concentration of 50 pg/ml for 1 h. Following exposure, samples were collected and
centrifuged for 10 min at 14,000 rpm (20,817 g) and washed three times with PBS to
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remove excess AgNPs. All samples were dissolved in 6 ml of 2% HNO3_ Subsequently, the
Ag cellular concentration was determined with ICP-MS (X series I, Thermo Scientific)
using an internal standard containing Li, Y, and In with a resolution of 0.1 ppb. All
experiments were performed in triplicate from 3 individual batches of mature mast cells.
Each batch of mast cells was grown from femoral bone marrow of 2 mice.

Mast Cell Degranulation

Bone marrow-derived mast cells were seeded at 5 x 10* cells/well in 96-well flat-bottom
plates for assessment of degranulation by p-hexosaminidase release (Iwaki et al., 2005). For
treated samples, all types of AgNPs were added at 0, 6.25, 12.5, 25, or 50 pug/ml for 1 h. In
addition, 24 h prior to degranulation measurements a subset of cells were sensitized with
100 ng/ml mouse IgE anti-DNP (Sigma-Aldrich, St. Louis, MO) followed by addition of
100 ng/ml dinitrophenylated human serum albumin (DNP-HSA) (Sigma-Aldrich) for 1 h to
generate a positive control. For experiments with Blt2, cells were pretreated with Blt2 at
50uM for 30 minutes before being exposed to AgNPs. To assess the contribution of ionic Ag
to B-hexosaminidase release, AgNPs were placed into HEPES for 1 h, spun at 3000 g for 10
min into Amicon Ultra-15 Centrifugal Filter Units (EMD Millipore). Filtrate containing
ionic Ag was used to treat cells. After 1 h incubation of either DNP-HSA or AgNPs at 37°C,
p-nitrophenyl-N-acteyl-p-D-glucopyranoside (= 98%) was added to cell supernatants and
lysates for 90 min as a chromogenic substrate for N-acetyl-p-D-hexosaminidase (Sigma-
Aldrich) (Brown et al., 2007). The reaction was stopped with 0.4 M glycine. Optical density
was measured at 405 nm using a Synergy™ HT Multi-Mode Microplate Reader (BioTek
Instruments, Inc, Winooski, VT). p-hexosaminidase release was expressed as the percentage
of total cell content after subtracting background release from unstimulated cells. All
experiments were performed in triplicate from 3-6 individual batches of mature mast cells.
Each batch of mast cells was grown from femoral bone marrow of 2 mice.

Lamp?2 Expression

3x10° cells were treated with AgNPs, spun at 1200 rpm for 5 min and then suspended in 200
ul of PBS. Cells were then spun at 300 rpm for 5 min onto a glass slide using a Cytospin 1V
(Shandon Scientific Ltd., Cheshire, UK). Cells were then fixed in a 2% paraformaldehyde
solution for 10 min at 37°C, washed with PBS and blocked in 0.1% Tween + 1% BSA for
30 min at 37° C. After removing blocking solution, a Lamp2 antibody (eBioscience Inc.,
San Diego, CA, USA) conjugated to FITC was added to slides at a dilution of 1:100 and
incubated overnight at 4° C. Following incubation the slide was washed 3 times with PBS
and mounted with DAPI staining ProLong® (Life Technologies, Carlsbad, CA). Cells were
then assessed using a fluorescent microscope (Cytoviva) to evaluate Lamp2 expression.

Osteopontin Measurement

2.5x10° cells were pretreated with or without the scavenger receptor B1 (SR-B1) inhibitor
BIt2 at a concentration of 50 uM. After 30 min, cells were exposed to AgNPs at
concentration of 50 pg/ml for for 24 h. OPN levels were measured in cell supernatant using
a DuoSet ELISA kit (R&D Systems, Minneapolis, MN) in accordance with the
manufacturer’s instructions. Values are an average of three replicates and reported as
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pg/mL. All experiments were performed in triplicate from 3 individual batches of mature
mast cells. Each batch of mast cells was grown from femoral bone marrow of 2 mice.

Statistical Analyses

Results

All data are presented as mean + SEM and were analyzed by one-way ANOVA, with
differences between groups assessed using Bonferroni post hoc tests. Graphs and analysis
were performed using GraphPad Prism 5 software (GraphPad, San Diego, CA). Differences
were considered statistically significant at p < 0.05.

AgNP Characterization

Hydrodynamic size and zeta potential were measured by dynamic light scattering in HEPES
buffer that was used for the subsequent mast cell degranulation studies (Table 1). The
hydrodynamic and TEM sizes were similar for the P20, C20, P110, and C110 samples since
they are spherical nanoparticles unlike the P550, P850, and wires that have different
morphology. It should be noted that the traditional dynamic light scattering technique is
based on Einstein-Stokes relation that is apt only for spherical particles and may only
provide an order of magnitude estimate for individual dimensions in different direction for
non-spherical shapes. In our case, the hydrodynamic size for P550, P850, and wires in
HEPES buffer clearly confirms their nanosize while TEM provides more accurate size data.
We found that the C20 AgNPs have the smallest hydrodynamic size with an average of
26.61 nm while the Ag nanowires have largest hydrodynamic size with an average of 315
nm (n=3/group). All AgNPs had a negative zeta potential with the citrate suspended AgNPs
displaying the most negative surface charge as compared to PVP suspended AgNPs. The
shape and size was further confirmed by TEM images of AgNPs (Figure 1).

AgNP Uptake by Mast Cells

Enhanced darkfield imaging of BMMCs following 1 h exposure to AgNPs showed
interaction and presence of particles within and on the surface of cells (Figure 2). The
surface bound and internalized particles were quantified using ICP-MS analysis (n=3/group)
(Figure 3). Following AgNP exposure for 1 h, we found that significant uptake of AgNPs by
mast cells occurred in all treated samples. However, pretreatment with the SR-B1 inhibitor
significantly decreased the cellular uptake of P20 and P110 (Figure 3).

AgNP Induced Mast Cell Degranulation

Following a 1 h exposure to AgNPs, BMMC degranulation was evaluated through
measuring p-hexosaminidase release into the supernatant (n=3-6/group) (Figure 4). P20 and
C20 caused significant BMMC degranulation at concentrations of 25 and 50 ug/ml (Figure
4A). P110 and C110 were not found to cause BMMC degranulation compared to control
(Figure 4B). P550 and P850 caused significant mast degranulation at all concentrations
(Figure 4C). Exposure to Ag nanowires led to an increase in BMMC degranulation at
concentrations of 12.5, 25, and 50 pg/ml (Figure 4D). P850 did not demonstrate a
concentration-dependent increase in degranulation as shown by P20, C20, and Ag
nanowires. To determine whether AgNP or Ag* ions were responsible for degranulation,
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BMMCs were exposed to Ag* ions for 1 h and degranulation was evaluated. Exposure to
Ag™ ions was not found to induce mast degranulation (Figure 4E).

To evaluate the role of SR-B1 in degranulation following AgNP exposure, BMMCs were
pretreated with or without BIt2 at concentration of 50 pM for 30 min. In this experiment, we
evaluated only AgNPs that elicited significant BMMC degranulation (>50%). Following a 1
h exposure to AgNPs at a concentration of 50 pug/ml, B-hexosaminidase was assessed. The
degranulation of BMMCs exposed to P20, C20, and Ag nanowires was significantly reduced
by pretreatment with the SR-B1 inhibitor BIt2 (Figure 4F).

To confirm our observation of AgNP directed BMMC degranulation measured by f-
hexosaminidase release, we assessed lysosome-associated membrane proteins 2 (Lamp2)
expression in BMMCs following AgNPs exposure (Figure 5). The expression of Lamp2
following exposure to the various AgNPs was found to match the results of the -
hexosaminidase assay. Lamp2 expression as measured by immunofluorescence (green) was
observed in BMMCs exposed to P20, C20, P550, and Ag nanowires while expression of
Lamp2 was low in samples treated with P110, C110, and P850 (Figure 5).

Osteopontin Release Following AgNP Exposure

Osteopontin (OPN) levels were measured in the supernatant following exposure to AgNPs
(n=3/group) in order to assess AgNP-induced mast cell activation. Mast cells were
pretreated with or without BIt2 at concentration of 50 pM for 30 min. Following inhibitor
pretreatment, BMMCs were exposed to AgNPs at a concentration of 50 pg/ml for 24 h. OPN
levels were increased in the supernatant of BMMCs exposed to all types of AgNPs except
for P110 (Figure 6). Pretreatment with BIt2 was found to decrease OPN levels in the
supernatant of BMMCs exposed to all types of AgNPs (Figure 6).

Pharmacological Inhibition of Mast Cell Activation by AgNPs

To begin to understand potential mechanisms of AgNP-induced degranulation we pretreated
cells with imatinib, a tyrosine kinase inhibitor. BMMCs were pretreated with or without
imatinib for 30 min at concentrations of 0.1, 1, 10, and 100 uM and then exposed to C20 at
50 pg/ml for 1 h (n=3/group). Following C20 exposure, B-hexosaminidase release was
increased as observed previously, however, treatment with imatinib resulted in a
concentration-dependent decrease in BMMC degranulation.

Discussion

Currently we lack sufficient knowledge regarding the ability of these NPs to induce and/or
promote allergic disease. Recent studies by our laboratory have demonstrated that mast cells
contribute to the inflammation and pathology induced following cerium oxide and carbon-
based NP exposure in animal models (Katwa et al., 2012; Wingard et al., 2011). Our current
study investigated the direct interactions of physicochemically distinct AgNPs on mast cell
activation and degranulation. Further, we evaluated the role of SR-B1 in these AgNP-
induced mast cell responses. In summary, this study determined that P20, C20, nanoplates
and Ag nanowires could directly induce the degranulation of mast cells. Further this
degranulation was driven by particle interactions through the SR-B1 receptor and not the
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result of dissolution of Ag* ions. Through evaluation of our data we have provided insight
into some of the physicochemical properties of NPs which could likely lead to adverse mast
cell responses.

Our study evaluated mast cell responses to AgNPs that differed based upon size, shape, and
surface coating. These AgNPs were specifically selected for the determination of NP
physicochemical properties, which could influence interactions with mast cells and may
initiate or promote allergic responses. Specifically, we selected four spherical AgNPs that
differed based on size (20 nm or 110 nm) and surface coating (PVP or Citrate). Further we
selected two plate-shaped AgNPs, which differed based upon size and resonance (P550 or
P850) and were coated with PVP. Lastly we selected Ag nanowires that differed vastly from
the other AgNPs based on their needle-like shape and high aspect ratio. Through the use of
these selected AgNPs we were able to determine mast cell responses in terms of specific
AgNP characteristics.

The internalization of NPs by mast cells has been reported in different studies. For instance
silicon dioxide (SiO2) and titanium dioxide (TiO2) was found to be internalized by mast
cells and localized in the secretory granules (Maurer-Jones et al., 2010). Following
internalization by mast cells, NPs have been reported to induce or suppress mast
degranulation. For instance, mast cells have been shown to internalize fullerenes through
nonspecific endocytosis causing an inhibition of degranulation (Ryan et al. 2007). In
contrast, gold NPs have been reported to induce mast cell degranulation following
internalization that was dependent on size, exposure time, and concentration (Huang et al.,
2009; Marquis et al., 2009). Overall NP internalization and subcellular localization may play
a major role in mast cell activation or suppression, however, limited data are available.

All of our selected AgNPs were found to be internalized following exposure albeit to
varying degrees based upon their physicochemical differences. C20 and C110 were
determined to have a more highly negative zeta potential compared to PVP suspended
spherical AgNPs. However, PVP suspended particles were cell associated to a greater
degree when compared to citrate suspended particles of the same size and shape. Such an
observation concurs with the fact that PP stabilized AgNPs are more prone to surface
oxidation and subsequently interact strongly with biomolecules (e.g., serum albumin)
(Podila et al., 2012). This suggests that uptake of these spherical AgQNPs is not completely
driven by charge but also the identity of the surface coating. Interestingly P110, P550, and
Ag nanowires were found to have similar surface charges (-27.3, —29.6, —=25.9 mV
respectively) and the same PVP surface coating, however each were internalized at varying
amounts. This demonstrates that uptake is also influenced by size and/or shape of the NP.
This was not unexpected as the influence of size and shape of NPs has been reported to play
critical role in cellular uptake (Miethling-Graff et al., 2014). Lastly, P850 AgNPs were taken
up more readily than P550 AgNPs. These plates have the same surface coating, shape but
differ based upon size suggesting that size is a major factor in their internalization.
Internalization of our selected AgNPs by mast cells is a complex process that seems to be
dependent on a combination of physicochemical properties.
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The primary objective of this study was to evaluate NP characteristics, which could possible
promote allergic immune responses through direct interaction with mast cells resulting in
degranulation and the release of inflammatory mediators. Exposure to spherical 20 nm
AgNPs was found to induce mast cell degranulation whereas spherical 110 nm AgNPs did
not. Further, exposure to P550 was found to induce degranulation to a greater degree than
P850. Even though Ag nanowires and P110 spherical AgNPs existed with a similar surface
charge and coating, Ag nanowires were found to induce degranulation whereas the spherical
AgNPs did not. NPs with high aspect ratio such as (MWCNTS) have been reported to cause
lysosomal damage and induce inflammasome activation that was dependent on NP length
(Hamilton et al., 2013; Li et al., 2013). Furthermore, TiO2 NPs with fiber structure have
been found to induce cytotoxicity, reactive oxygen species (ROS) generation, increased
expression of inflammatory cytokines, lysosomal damage, and induction of inflammasome
activation (Hamilton et al., 2013; Li et al., 2013). While in the present study the Ag
nanowires reduced cellular uptake, this shape of AgNPs led to mast cell degranulation likely
due to the high aspect ratio of the material (Champion et al., 2007; Champion and
Mitragotri, 2006; Harris and Dalhaimer, 2012; Sharma et al., 2010; Sunshine et al., 2014).
Overall these findings support a role for size and possibly shape in the degranulation
response likely mediated through cell surface receptor recognition.

Similar results have reported that mast cells interact differently with different size and shape
of same nanomaterial. For instance, carbon based NPs have been reported to induce mast
cell activation as reported with multi-walled carbon nanotubes or can suppress mast cell
activation as it has been reported with single-walled carbon nanotubes and fullerene Cgg
(Huang et al., 2009; Katwa et al., 2012; Ryan et al., 2007; Umemoto et al., 2014). Based on
our current findings, mast cell degranulation is not entirely dependent on internalization of
the NP. Specifically, both the citrate and PVP suspended spherical 110 nm AgNPs, while
internalized by mast cells, were not found to induce degranulation. In comparison, the C20
AgNPs although not internalized to the same degree as the PVP suspended 20 nm AgNPs
induce equivalent degranulation. Such an observation is intriguing in that the dissolution of
C20 is expected to be much slower than P20 eliminating Ag* as a possible cause for
degranulation (Kittler et al., 2010). These findings are consistent with other reports that the
uptake of NPs by mast cells causes a variety of mast cell responses including the
suppression of mast cell degranulation and decreased reactive oxygen species generation
while some have been shown to induce degranulation (Dellinger et al., 2010; Ryan et al.,
2007; Umemoto et al., 2014). Our findings suggest cellular signaling initiated by size-
dependent NP-cell surface receptor interactions facilitated mast cell degranulation that is not
completely driven by NP uptake. Ultimately, through our assessment of physicochemically
diverse AgNPs, we have demonstrated that some NPs can directly interact with mast cells
inducing degranulation, which could induce and/or promote allergic disease in vivo.

Osteopontin is a secreted phosphoglycoprotein expressed by a variety of cell types and has
been reported as a risk predictor in various diseases including cardiovascular and cancer
such as mesothelioma that associated with asbestos exposure (Berezin and Kremzer, 2013;
Pass and Carbone, 2009; Yang et al., 2008). Mast cell activation following NP exposure
leads to the release different cytokines such as OPN and has been reported to be up-
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regulated following cerium oxide exposure in mice (Wingard et al., 2011). In our current
study, we found that OPN is released from mast cells following exposure to all of the
selected AgNPs even when NP exposures resulted in limited or no degranulation. These
findings are similar to previous research conducted in our laboratory demonstrating that
silica exposure also results in cytokine production with limited mast cell degranulation
(Brown et al., 2007). This demonstrates that the de novo production and release of cytokines
from mast cells following particle exposure may involve separate cell signaling pathways
compared to degranulation. Our current study also demonstrates that inhibition of the
scavenger receptor, SR-B1, reduces the production and release of OPN. Our findings also
suggest that while certain NPs do not induce mast cell degranulation, these particles can
significantly alter the release of mast cell derived cytokines thereby contributing to an
inflammatory response absent of mast cell degranulation. Overall, these findings illustrate
that further studies are needed to elucidate mast cell signaling mechanisms.

SR-B1 is well known for its role in the transport of lipid molecules into cells (Krieger and
Herz, 1994; Landschulz et al., 1996; Rigotti et al., 1997a). However, it has also been
reported that SR-B1 can recognize and bind to other molecules, specifically those that are
negatively charged (Baranova et al., 2005; Catanese et al., 2013; Murao et al., 1997). In this
study, all AgNPs carried a negative charge therefore interaction between SR-B1 and AgNPs
was expected. Inhibition of SR-B1 was found to reduce the uptake of P20, P110, C110, and
P850 AgNPs whereas uptake of other AgNPs was unaffected. Due to the range of surface
charges exhibited by these AgNPs, SR-B1 recognition and SR-B1 mediated uptake does not
appear to be strictly based on NP surface charge. Treatment with an SR-B1 inhibitor (BIt2)
was found to reduce mast cell degranulation following exposure to P20, C20, P550, and Ag
nanowires. However, SR-B1 inhibition did not reduce degranulation of mast cells induced
by P550 AgNPs or Ag hanowires to the same extent as P20 or C20 AgNPs, which were
reduced to control levels. Comparatively, P20 and C20 AgNPs have a greater negative Zeta
potential and smaller size than P550 and Ag nanowires. These findings suggest that
exposure to P20 and C20 AgNPs induces mast cell degranulation through SR-B1 whereas
P550 AgNPs and Ag nanowires induce degranulation primarily via other surface receptors
or pathways. Overall our use of an SR-B1 inhibitor demonstrates that mast cell responses to
AgNP exposure are to some degree mediated through SR-B1. These findings have safety
implications for the design of NPs that do not interact with scavenger receptors may reduce
the likelihood of unintended allergic responses mediated through mast cells.

Mast cells can be activated through a variety of cell-surface receptor facilitated mechanisms
including interactions with SR-B1, FCeRl, or c-Kit. Activation of these receptors leads to
increased calcium flux, tyrosine kinase phosphorylation, and ultimately mast cell
degranulation (Canton et al., 2013; Zhu et al., 2009) Imatinib is a therapeutic agent that
inhibits the phosphorylation of tyrosine kinases thereby inhibiting downstream mast cell
degranulation. We determined in this study, that imatinib treatment reduces mast cell
degranulation following exposure to C20 AgNPs thereby demonstrating that the NP-induced
mast cell degranulation can be therapeutically inhibited. These findings also suggest that
there are downstream cell signaling events, which occur following NP cell-surface receptor
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interactions that require further investigation. These cellular signaling pathways are likely
differentially induced based on NP physicochemical properties and concentrations.

In conclusion this study demonstrates that mast cells can be directly activated by NPs, which
may ultimately induce and/or promote an allergic immune response. Further, NP-induced
mast cell degranulation is related to the physicochemical properties of the NP such as shape,
size, and surface coating. This study implicates a role for SR-B1 in the degranulation of
mast cells by NPs and suggests that possible allergic responses to NPs can be therapeutically
treated by inhibition of tyrosine kinase phosphorylation. Future research needs to be
performed to understand cell-signaling pathways, which control cytokine production and
degranulation. Through an understanding of these mechanisms NPs can be formulated and
utilized for numerous applications while mitigating unintended adverse health effects such
as allergic immune responses.
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P20
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Blocking Lipid Transporter-2 (Scavenger Receptor B1 inhibitor)

Bone marrow-derived mast cells

110 nm spherical silver nanoparticles suspended in citrate

20 nm spherical silver nanoparticles suspended in citrate
Lysosome-associated membrane proteins 2
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110 nm spherical silver nanoparticles suspended in polyvinylpyrrolidone
20 nm spherical silver nanoparticles suspended in polyvinylpyrrolidone

Nanoplates with optical resonance peak at specific wavelengths of 550 nm
suspended in polyvinylpyrrolidone

Nanoplates with optical resonance peak at specific wavelengths of 850 nm
suspended in polyvinylpyrrolidone

Polyvinylpyrrolidone

Scavenger Receptor B1
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Figure 1.
Representative TEM images demonstrating AgNP shape and size. AgNPs of differing size

and shape were evaluated including spherical 20 nm AgNPs suspended in either
polyvinylpyrrolidone (P20) or citrate (C20), spherical 110 nm AgNPs suspended in either
polyvinylpyrrolidone (P110) or citrate (C110), Ag plates suspended in polyvinylpyrrolidone
of either 550 nm resonance (P550) or 850 nm resonance (P850), and Ag nanowires that were
suspended in polyvinylpyrrolidone (Wires).
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Figure 2.
Representative enhanced dark field images of control or AgNP treated bone marrow-derived

mast cells (BMMCs). AgNPs of differing sizes and shapes were evaluated including
spherical 20 nm AgNPs suspended in either polyvinylpyrrolidone (P20) or citrate (C20),
spherical 110 nm AgNPs suspended in either polyvinylpyrrolidone (P110) or citrate (C110),
Ag plates suspended in polyvinylpyrrolidone of either 550 nm resonance (P550) or 850 nm
resonance (P850), and Ag nanowires that were suspended in polyvinylpyrrolidone (Wires).
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Figure 3.
ICP-MS measurement of AgNP uptake by bone marrow-derived mast cells (BMMCs). Cells

were pretreated with or without the scavenger receptor B1 (SR-B1) inhibitor BIt2 prior to
AgNP exposure. Values are expressed as mean = SEM (n=3/group). * Indicates significant
difference from control group (p < 0.05). # Indicates significant difference of BIt2 pretreated
group compared to BIt2 untreated group (p < 0.05).
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Mast cell degranulation was evaluated by measuring release of 3-hexosaminidase into the
supernatant 1 h following AgNP exposure. A) Bone marrow derived mast cell (BMMC)
degranulation following exposure to spherical polyvinylpyrrolidone (PVP) coated (red) or
citrate coated 20 nm (blue) AgNPs. B) BMMC degranulation following exposure to
spherical PVP coated (green) or citrate coated 110 nm (purple) AgNPs. C) 550 nm or 850
nm resonant AgNP plates. D) BMMC degranulation following exposure to PVP coated Ag
nanowires. E) BMMC degranulation following exposure to Ag* ions.. F) BMMC
degranulation of samples pretreated with or without the scavenger receptor B1 (SR-B1)
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inhibitor BIt2. Values are expressed as mean + SEM (n=3/group). * Indicates significant
difference from controlled group (p < 0.05). # Indicates significant difference of BIt2
pretreated group compared to Blt2 untreated group (p < 0.05).
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Figure 5.
Lysosome-associated membrane protein 2 (Lamp2) expression (green) in bone marrow

derived mast cells (BMMCs) following AgNP exposure. BMMCs were collected 1 h
following AgNP exposure, washed, spun onto glass slides and immunofluorescently stained
with DAPI to identify the nucleus (blue) and Lamp2 to determine BMMC degranulation
(green).
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Figure 6.
Osteopontin (OPN) levels were measured in supernatants by ELISA. BMMCs were

pretreated with or without the scavenger receptor B1 inhibitor BIt2 before AgNPs exposure..
Values are expressed as mean + SEM (n=3/group). * Indicates significant difference from
controlled group (p < 0.05). # Indicates significant difference of BIt2 pretreated group
compared to BIt2 untreated group (p < 0.05).
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Figure 7.
Bone marrow-derived mast cell (BMMC) degranulation was evaluated by measuring release

of B-hexosaminidase 1 h following exposure to 50 ug/ml of 20 nm citrate coated AgNPs.
Cells were pretreated with or without imatinib for 30 min at concentration of 0.1, 1, 10, 100
UM. * Indicates significant difference from controlled group (p < 0.05). # Indicates
significant difference of BIt2 pretreated group compared to Blt2 untreated group (p < 0.05).
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