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Introduction
Nanomaterials have been defined as materials with diameters of ≤ 

100 nm that show properties different than those of the corresponding 
materials with diameters of >100 nm. They are expected to find 
numerous medical uses because of their many favorable properties 
[1]. Especially, owing to their surface characteristics and porosity, 
silica nanoparticles are expected to be useful for medical applications. 
For example, mesoporous silica nanoparticles have been designed for 
gene delivery [2], and amino-functionalized silica nanoparticles have 
the potential for use in vivo gene-therapy applications [3]. In addition, 
nanomaterials show enhanced permeation of and retention in tumor 
tissue relative to normal tissue, and they have been studied for use in 
drug-delivery systems, diagnostic and imaging systems, and various 
innovative therapeutic strategies [4,5]. 

If nanomaterials are to be used for drug delivery, it is essential that 
both their quality and safety be established. However, many recent 
studies have shown that they may have unexpected biological effects 
that the corresponding conventional-sized materials do not [6,7]. 
For example, we have shown that compared to silica particles with 
diameters of >100 nm, silica nanoparticles with diameters of ≤ 100 nm 
are more likely to cause consumptive coagulopathy [8] and pregnancy 
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Abstract
Various types of nanomaterials have been developed for consumer and industrial applications, and the safety 

of such materials is the subject of considerable research around the world. Several studies have reported the 
inflammatory effects of nanomaterials, but the details of the involvement of neutrophils, the first leukocytes to be 
recruited to inflammation sites, in nanomaterial-induced inflammation are poorly understood. Here, we examined 
neutrophil activation in mice treated with silica particles. Twenty-four hours after treatment, the proportion of neutrophils 
in peripheral blood of mice injected with 70-nm-diameter silica nanoparticles (nSP70) was significantly higher than 
in saline-treated mice, whereas treatment with silica particles with diameters of 300 or 1000 nm did not result in 
any significant change in neutrophil proportion. In addition, higher plasma concentrations of myeloperoxidase were 
observed only in the nSP70-treated mice, and treatment with nSP70 surface-modified with amino groups did not elevate 
the proportion of neutrophils. Moreover, mice treated with antibodies to granulocyte colony-stimulating factor (G-CSF) 
exhibited a significant decrease in nSP70-induced neutrophilia relative to untreated mice, suggesting that nSP70-
induced neutrophilia resulted from G-CSF production induced by nSP70. In addition, we demonstrate that nSP70-
induced neutrophilia contributed to elevation of plasma concentrations of double-stranded DNA. Our results indicate 
that the nSP70-induced increase in the proportion of neutrophils depended on G-CSF elevation and that nSP70 may 
have induced the formation of neutrophil extracellular traps. Our results provide basic information about the association 
of neutrophil activation with silica nanoparticle–induced biological effects.

complications in mice [9]. Moreover, several studies have reported 
that nanomaterials induce inflammatory responses, which occur 
when exogenous substances enter the body. However, the correlation 
of inflammatory responses with neutrophil activation is not yet well 
understood [10]. Neutrophils are known to be involved in various 
inflammatory responses; they are the first leukocytes to arrive at the 
site of invasion by an exogenous substance, and they have been shown 
to eliminate the causes of inflammation at the invasion site by means 
of various effects [11]. Pathogens are killed by reactive oxygen species 
produced by neutrophils, but inappropriate production of reactive 
oxygen species can aggravate various diseases and conditions involving 
inflammation, and excessive activation of neutrophils can injure tissues, 
damage DNA, and induce apoptosis in some chronic inflammatory 
conditions [12]. 
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Recent reports indicate that neutrophils may contribute to the 
elimination or degradation of nanomaterials. For example, it has 
been reported that single-walled carbon nanotubes are catalytically 
biodegraded in vitro by hypochlorite and reactive radical intermediates 
produced by the human neutrophil enzyme myeloperoxidase [13,14] 
and that granulocytes may contribute to particle uptake in blood 
[15]. These results suggest that variation in the number of neutrophils 
recruited in response to invasion by nanomaterials may be associated 
with the in vivo kinetics of nanomaterials or with expression of the 
biological responses induced by nanomaterials. Thus, information about 
the relationship between nanomaterials and neutrophil activation can 
be expected to clarify not only the mechanism of unexpected biological 
effects of nanomaterials but the in vivo kinetics of nanomaterials. Here, 
we examined neutrophil activation induced by silica particles and 
tried to determine the association of neutrophil activation with silica 
nanoparticle–induced biological effects.

Materials and Methods
Animals

Female BALB/c mice (16 to 20 g) were purchased from Nippon SLC 
(Shizuoka, Japan) and used in experiments at 6–8 weeks of age. The 
mice were housed in a ventilated animal room maintained at 20 ± 2°C 
with a 12-h-light/12-h-dark cycle and free access to water and forage 
(FR-2, Funabashi Farm, Chiba, Japan). All of the animal experiments 
were performed in accordance with the Osaka University and National 
Institute of Biomedical Innovation guidelines for the welfare of animals.

Materials
Silica particles were purchased from Micromod Partikeltechnologie 

(Rostock/Warnemünde, Germany). Silica particles with diameters of 
70, 300, and 1000 nm (nSP70, nSP300, and mSP1000, respectively) and 
nSP70 surface-modified with NH2 functional groups (nSP70-N) were 
used in this study. Prior to use, the particles were sonicated for 5 min 
and vortexed for 1 min. 

Experimental protocols
BALB/c mice (n=5 or 6 per group) were injected intravenously with 

nSP70, nSP300, mSP1000, or nSP70-N at 0.8 mg/mouse (about 40 mg/
kg) or with saline. Blood samples were collected 24 h after treatment. 
For assessment of the effects of nSP70 dose, BALB/c mice (n=5 or 6 per 
group) were injected intravenously with nSP70 at 0.2, 0.4, or 0.8 mg/
mouse (about 10, 20, or 40 mg/kg). For evaluation of the time course of 
the response to treatment with the silica particles, BALB/c mice (n=5 or 
6 per group) were injected intravenously nSP70, nSP300, or mSP1000 at 
0.8 mg/mouse or with saline, and blood samples were collected 2 and 72 
h after treatment. Plasma samples were obtained by centrifuging blood 
at 13,800×g for 15 min. 

Flow cytometry analysis
Red blood cells in the collected blood samples were lysed with 

ammonium chloride. All staining procedures were performed in 
phosphate-buffered saline (PBS) containing 2% fetal calf serum. To 
minimize nonspecific binding, we preincubated single-cell suspensions 
with anti-CD16/CD32 antibodies (clone 93; eBioscience, San Diego, 
CA). Cells were labeled with combinations of phycoerythrin-conjugated 
Gr-1 antibodies (clone RB6-8C5; eBioscience), allophycocyanin-
conjugated CD11b antibodies (clone M1/70; BD Pharmingen, San 
Diego, CA), fluorescein isothiocyanate–conjugated F4/80 antibodies 
(clone CI:A3-1; AbD Serotec, Oxford, UK), and phycoerythrin-Cy7-
conjugated CD11c antibodies (clone HL3; BD Pharmingen). The cells 

were resuspended in staining buffer containing 7-amino-actinomycin 
D (BD Pharmingen), and the stained cells were analyzed for surface 
phenotype by means of a FACS Canto flow cytometer (BD Biosciences). 
The cells were gated according to side-scattered light (SSC) area and 
forward-scattered light (FSC) area, and the gated cells were then 
gated according to SSC height/SSC width, FSC height/FSC width, 
and 7-amino-actinomycin D to eliminate doublet cells and dead cells 
(parent population). Then, the proportion of neutrophils was calculated 
as the ratio of the neutrophil population (CD11b+ Gr-1+ F4/80-) to the 
parent population.

Hematology analysis

Whole-blood samples were analyzed with a VetScan HMII 
Hematology System (Abaxis, Sunnyvale, CA) to determine white blood 
cell counts.

Immunohistochemistry

Approximately 20-μm-thick frozen liver sections were fixed in cold 
acetone for 8 min and then blocked with 20% fetal bovine serum in PBS 
for 1 h. The blocked tissue sections were stained with LEAF Purified 
anti-mouse Ly-6G antibodies (1:500, BioLegend, San Diego, CA) or 
isotype controls (1:500, clone RTK2758; BioLegend) in PBS containing 
12% bovine serum albumin (Sigma-Aldrich, St Louis, MO). The sections 
were washed in PBS and stained with secondary antibodies (Alexa 
Fluor 594 goat anti-rat IgG antibodies, 1:250, Invitrogen, Carlsbad, CA) 
in PBS containing 14% bovine serum albumin at room temperature 
for 1 h. Finally, the sections were washed in PBS and mounted 
using VECTASHIELD mounting medium with 4`,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Images 
were visualized with an Olympus IX81 fluorescence microscope 
(Tokyo, Japan).

Measurement of plasma concentrations of proteins and 
double-stranded DNA 

The plasma concentrations of myeloperoxidase (MPO) (Hycult 
Biotech, Plymouth Meeting, PA), granulocyte colony-stimulating 
factor (G-CSF) (R&D Systems, Minneapolis, MN), and chemokine 
(C-X-C motif) ligand 2 (CXCL2) (R&D Systems) were measured 
with a commercial enzyme-linked immunosorbent assay kit (ELISA). 
Extracellular double-stranded DNA (dsDNA) was quantified with a 
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). All of the analyses 
were performed in accordance with the manufacturers’ instructions.

Quantification of G-CSF and CXCL2 concentrations in liver 
tissue supernatants

BALB/c mice (n=5 or 6 per group) were injected intravenously 
with nSP70, nSP300, or mSP1000 (at 0.8 mg/mouse) or with saline. 
Twenty-four hours after treatment, the animals were euthanized, 
and the livers were removed and stored at –80°C prior to analysis. 
Each liver was homogenized with tissue lysis buffer consisting of 7 M 
urea, 2 M thiourea, 4% [3-(3-cholamidepropyl) dimethylammonio-
1-propanesulphonate], and 100 × protease and phosphatase inhibitor 
cocktail (Thermo Scientific, Waltham, MA). The homogenates were 
centrifuged at 21,500 × g for 15 min, and the supernatants were 
collected. ELISA for G-CSF and CXCL2 in the liver tissue supernatants 
were performed according to the manufacturer’s protocol.

In vivo neutrophil- and G-CSF-depletion protocols
Neutrophil depletion was achieved by intraperitoneal injection 

of 50, 100, or 150 μg/mouse anti-Ly-6G antibodies (clone 1A8; 
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BioLegend), isotype controls (clone RTK2758; BioLegend), or PBS 
into BALB/c mice (n = 5 or 6 per group) 24 h prior to nSP70 injection. 
G-CSF depletion was achieved by intraperitoneal injection of 50 μg/
mouse anti-G-CSF antibodies (clone 67604; R&D Systems), isotype 
controls (clone 43414; R&D Systems), or PBS into BALB/c mice (n=5 
or 6 per group) 4 h prior to nSP70 injection. 

Statistical analyses
All results are expressed as means ± SEM. Differences were 

compared by means of Bonferroni’s method by using Excel statistics 
software 2008 (SSRI, Tokyo).

Results
Physical properties of silica particles

Silica nanoparticles, which are among the most commonly used 
nanomaterials [16,17], not only are used widely as cosmetics and food 
additives but are expected to find medical applications, particularly 
as gene-delivery vehicles. In this study, we used silica particles 
with diameters of 70 nm (nSP70), 300 nm (nSP300), and 1000 nm 
(mSP1000), the physical properties of which we assessed in a previous 
study [9]. Transmission electron microscopy analysis revealed that 
all the particles were smooth-surfaced spheres, and dynamic light 
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Figure 1: Effects of treatment with silica particles on neutrophil levels in mice. BALB/c mice were intravenously injected with nSP70 (0.8 mg/mouse), nSP300 
(0.8 mg/mouse), mSP1000 (0.8 mg/mouse), or saline. BALB/c mice with no treatment were divided into untreated group. (A) The proportion of neutrophils 
in peripheral blood of each mouse was determined by flow cytometry 24 h after treatment. (B) The neutrophil count in peripheral blood of each mouse was 
calculated by multiplying neutrophil proportion by white blood cell count. (C) The effect of nSP70 dose (0.2, 0.4, or 0.8 mg/mouse) on the proportion of 
neutrophils in peripheral blood of each mouse was determined by flow cytometry 24 h after treatment. (D, E) The proportion of neutrophils in peripheral blood of 
each mouse was determined by flow cytometry 2 h (D) and 72 h (E) after treatment. Data are presented as mean ± SEM; n = 5–6; **P < 0.01 vs saline-treated 
group.
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scattering measurements showed that the mean secondary particle 
sizes were 64.6, 322, and 1140 nm for nSP70, nSP300, and mSP1000, 
respectively.

Analysis of proportion of neutrophils and neutrophil 
activation in mice treated with silica particles

First, we intravenously injected mice with nSP70, nSP300, or 
mSP1000 and measured the proportion of neutrophils in peripheral 
blood by means of flow cytometry 24 h after treatment. Although 
the proportion of neutrophils in nSP300- and mSP1000-treated mice 
was not significantly affected by treatment, the proportion in mice 
treated with nSP70 at 0.8 mg/mouse was significantly higher than 
the proportion in saline-treated mice (Figure 1A). We also calculated 
neutrophil counts by multiplying the proportion of neutrophils by 
the white blood cell count. The neutrophil count in nSP70-treated 
mice was significantly higher than the count in saline-treated mice 
(Figure 1B), suggesting that nSP70 induced neutrophilia in peripheral 
blood. We also found that the degree of nSP70-induced neutrophilia 
was dose dependent, increasing with increasing nSP70 dose (Figure 
1C). In addition, we investigated the time course of the change in the 
proportion of neutrophils after treatment with the silica particles. At 
2 h (Figure 1D) and 72 h (Figure 1E) after treatment, we observed no 
changes in the proportion of neutrophils in mice treated with nSP300 or 
mSP1000 compared to the proportion in saline-treated mice. However, 

in mice treated with nSP70, the proportions of neutrophils at both 2 
and 72 h after treatment were significantly lower than the proportions 
in saline-treated mice at the same time points. 

Next, we assessed neutrophil accumulation in the livers of mice 
24 h after treatment with silica particles, because we previously 
reported that nSP70 might accumulated in the liver and induced severe 
liver damage [18]. Immunohistochemical analysis showed that the 
distribution patterns of neutrophils in the livers of nSP300-, mSP1000-, 
and saline-treated mice were almost equal (Figure 2). In contrast, more 
neutrophils were detected in the livers of nSP70-treated mice than in 
those of the saline-treated mice 24 h after treatment (Figure 2). These 
results indicate that nSP70 also induced neutrophilia in the liver.

MPO is one of the principal enzymes released from the azurophilic 
granules of activated neutrophils [19]. To determine whether nSP70 
induced neutrophil activation, we determined the plasma concentrations 
of MPO in mice treated with silica particles. Comparison between 
mice treated with silica particles and saline-treated mice revealed that 
the plasma concentrations of MPO were higher in the nSP70-treated 
mice, but not in the nSP300- or mSP1000-treated mice (Figure 3A). 
Depletion of neutrophils by anti-Ly-6G antibodies, which are specific to 
neutrophils, partially suppressed the nSP70-induced MPO production 
(Figure 3B), suggesting that nSP70 activated neutrophils as well as 
increasing the proportion of neutrophils. 

saline

nSP70

DAPI IsotypeLy-6G

nSP300

mSP1000

100 μm

Figure 2: Fluorescence microscopy images showing neutrophil accumulation in mouse livers after treatment with silica nanoparticles. BALB/c mice (n=5 or 6 
per group) were injected intravenously with nSP70, nSP300, or mSP1000 at 0.8 mg/mouse or with saline. After 24 h, liver samples were collected, and frozen 
sections were prepared. The sections were stained with DAPI, anti-mouse Ly-6G antibodies, or isotype controls and were visualized with an Olympus IX81 
fluorescence microscope.
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G-CSF expression in mice treated with silica particles

Next, to clarify the mechanism of nSP70-induced neutrophilia, we 
analyzed the expression of G-CSF, which plays essential roles in the 
proliferation and differentiation of neutrophils [20], in mice treated 
with each of the silica particles. The plasma concentrations of G-CSF 
in the nSP300- and mSP1000-treated mice 24 h after treatment were 
not significantly different from the concentration in saline-treated 
mice, whereas in nSP70-treated mice, the G-CSF concentration was 
significantly higher than that in saline-treated mice (Figure 4A). In 
addition, the G-CSF concentration in the liver of nSP70-treated mice 
24 h after treatment was significantly higher than that in saline-treated 
mice (Figure 4B). 

To investigate the relationship between nSP70-induced neutrophilia 
and the elevation of plasma G-CSF concentrations in nSP70-treated 
mice, we conducted G-CSF-depletion experiments. BALB/c mice 

were intraperitoneally injected with anti-G-CSF antibodies or isotype 
controls 4 h prior to nSP70 injection, and the proportion of neutrophils 
was analyzed 24 h after treatment with nSP70 (Figure 4C). The results 
showed that pretreatment with anti-G-CSF antibodies significantly 
suppressed the nSP70-induced elevation in the proportion of 
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Figure 3: Effects of treatment with silica particles on plasma MPO levels. (A) 
BALB/c mice were intravenously injected with nSP70 (0.2, 0.4, or 0.8 mg/mouse), 
nSP300 (0.8 mg/mouse), mSP1000 (0.8 mg/mouse), or saline. BALB/c mice with 
no treatment were divided into untreated group. Plasma concentrations of MPO 
were determined by ELISA. (B) BALB/c mice were injected intraperitoneally 
with anti-Ly-6G antibodies (50, 100, or 150 μg/mouse), isotype controls (150 
μg/mouse), or PBS 24 h prior to nSP70 injection (0.8 mg/mouse). Twenty-four 
hours after nSP70 injection, plasma concentrations of MPO were determined by 
ELISA. Data are presented as mean ± SEM; n = 5–6; **P < 0.01 vs saline-treated 
group; ##P < 0.01 vs nSP70-treated group.
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Figure 4: Effects of treatment with silica particles on G-CSF expression in 
mice. BALB/c mice were intravenously injected with nSP70 (0.2, 0.4, or 0.8 mg/
mouse), nSP300 (0.8 mg/mouse), mSP1000 (0.8 mg/mouse), or saline. BALB/c 
mice with no treatment were divided into untreated group. (A) The plasma 
concentrations of G-CSF were determined by ELISA 24 h after treatment. (B) 
The concentration of G-CSF in livers of mice was determined by ELISA 24 
h after nSP70 injection (0.8 mg/mouse). (C) Anti-G-CSF antibodies (50 μg/
mouse) or isotype controls were injected intraperitoneally into BALB/c mice 
4 h prior to nSP70 injection (0.8 mg/mouse). Twenty-four hours after nSP70 
treatment, the proportion of neutrophils in peripheral blood of each mouse was 
analyzed by flow cytometry. Data are presented as mean ± SEM; n = 5–6; **P 
< 0.01 vs saline-treated group; *P < 0.05 vs saline-treated group; ##P < 0.01 vs 
nSP70-treated group.
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neutrophils. These results suggest that nSP70-induced neutrophilia was 
mediated by G-CSF production.

CXCL2 expression in mice treated with silica particles

Because recruitment of neutrophils to inflammation sites is 
mediated by CXCL2 (via the CXCR2 receptor on neutrophils) [21] and 
involves neutrophil migration from the bone marrow [22], we assessed 
the plasma concentrations of CXCL2 after treatment with silica 
nanoparticles. We found that neither nSP300 nor mSP1000 induced 
elevation of plasma concentrations of CXCL2, whereas treatment 
with nSP70 dose-dependently elevated plasma CXCL2 concentrations 
(Figure 5A). In addition, the concentration of CXCL2 in the livers of 
nSP70-treated mice was significantly higher than that in the livers 
of saline-treated mice (Figure 5B). These results suggest that nSP70-
induced neutrophilia resulted from nSP70-induced increases in the 
concentration of CXCL2.

Responses of neutrophils to treatment with surface-modified 
nSP70

The physical properties of nanomaterials, including surface 

properties and morphology, are important factors in biological 
responses to the materials [23,24]. Therefore, we evaluated how surface 
modification of nSP70 with amino groups affected the proportion of 
neutrophils in peripheral blood of treated mice. We previously reported 
that the mean secondary particle size of nSP70-N is 71.8 nm, as 
indicated by dynamic light scattering measurements [9]. Unlike nSP70, 
nSP70-N did not induce increases in the proportion of neutrophils or 
the neutrophil count (Figures 6A and 6B). The plasma concentrations 
of both G-CSF (Figure 6C) and CXCL2 (Figure 6D) in nSP70-N-treated 
mice were significantly lower than those in nSP70-treated mice. These 
results suggest that surface-modified nSP70 induces inflammation to a 
lesser extent than unmodified nSP70.

Quantification of dsDNA in mice treated with silica particles

It has recently been reported that some activated neutrophils die 
and release neutrophil extracellular traps (NETs), structures composed 
of decondensed chromatin and antimicrobial proteins that trap a broad 
range of microbes and inhibit their dissemination [25,26]. We were 
interested in determining whether nSP70 would induce the formation 
of NETs. To quantify extracellular DNA, which is known to be a major 
component of NETs, we determined the plasma concentrations of 
dsDNA in mice treated with each of the silica particles. There were no 
significant differences in the concentrations of dsDNA in nSP300- and 
mSP1000-treated mice relative to the concentrations in the saline-
treated mice (Figure 7A). However, the dsDNA concentrations in 
nSP70-treated mice were significantly higher than in saline-treated mice 
24 h after treatment (Figure 7A). We also determined plasma dsDNA 
concentrations 2 and 72 h after treatment with silica nanoparticles and 
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Figure 5: CXCL2 expression in mice treated with silica particles. BALB/c mice 
were injected intravenously with nSP70 (0.2, 0.4, or 0.8 mg/mouse), nSP300 
(0.8 mg/mouse), mSP1000 (0.8 mg/mouse), or saline. BALB/c mice with no 
treatment were divided into untreated group. (A) The plasma concentrations of 
CXCL2 were determined by ELISA 24 h after treatment. (B) The concentration of 
CXCL2 in livers of mice was determined by ELISA 24 h after nSP70 injection (0.8 
mg/mouse). Data are presented as mean ± SEM; n = 5–6; **P < 0.01 vs saline-
treated group; *P < 0.05 vs saline-treated group; ND, not detected.
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Figure 6: Effect of treatment with surface-modified nSP70 on neutrophil levels 
in mice. BALB/c mice were injected intravenously with nSP70 (0.8 mg/mouse) 
or nSP70-N (0.8 mg/mouse). BALB/c mice with no treatment were divided into 
untreated group. After 24 h, (A) the proportion of neutrophils in peripheral blood 
of each mouse was determined by flow cytometry, and (B) the neutrophil count 
in peripheral blood of each mouse was calculated by multiplying neutrophil 
proportion by white blood cell count. Plasma concentrations of (C) G-CSF and 
(D) CXCL2 were determined by ELISA 24 h after treatment. Data are presented 
as mean ± SEM; n = 5–6; **P < 0.01 vs saline-treated group; ##P < 0.01 vs 
nSP70-treated group; ND, not detected.
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found that nSP70 induced elevation of plasma dsDNA concentrations 
2 h after treatment (Figure 7B) but that there was no significant 
difference in dsDNA concentrations between nSP70-treated mice 
and saline-treated mice 72 h after treatment (Figure 7C). In contrast, 
treatment of mice with the surface-modified particles did not result in 
elevation of dsDNA concentrations compared to the concentrations in 
saline-treated mice (Figure 7D), and neutrophil depletion significantly 
suppressed dsDNA concentrations in nSP70-treated mice (Figure 
7E). These results suggest that nSP70-induced neutrophilia resulted 
in elevation of dsDNA concentrations and that nSP70 may induce the 
formation of NETs.

Discussion
Comparing the dose of the particles we used with the dose of 

particles used in other studies, some kinds of silica nanoparticles with 

surface modifications or functionalization have been used intravenously 
at a dose of 20 mg/kg to evaluate their therapeutic efficacy in mice 
[27,28]. On the other hand, some reports intraveneously administrated 
at several hundred milligrams per mouse of silica particles as drug 
delivery applications [27]. In this study, mice were intravenously 
injected at a dose of 0.8 mg/mouse (about 40 mg/kg). Therefore, we 
consider that the dose in this study was typical of preclinical studies for 
drug delivery applications of silica particles.

It is not clear why only nSP70 induced an increase in the proportion 
of neutrophils. As particle size decreases, the particle unit of mass and 
overall specific surface area increases. According to the technical data 
sheets of the silica particles we used, nSP70, nSP300, and mSP1000 
contain 2.8×1012, 3.5×1010, and 9.5×108 particles/mg, respectively. That 
is, the specific surface areas of nSP70, nSP300, and mSP1000 are about 
0.04, 0.009, and 0.002 m2/mg, respectively. The larger specific surface 
area of nSP70 relative to nSP300 and mSP1000 may have allowed the 
smaller particles to interact with biomolecules such as proteins. In this 
study, we treated mice with equal masses of particles of different sizes. 
The specific surface area of 0.2 mg of nSP70 (about 0.009 m2) is almost 
equal to that of 0.8 mg of nSP300 (about 0.0072 m2), and the proportions 
of neutrophils in mice treated with the particles at these doses were 
equivalent (Figure 1C). Therefore, we suggest that the elevation in the 
proportion of neutrophils induced by silica particles might depend on 
the specific surface area of the particles. To confirm this possibility, it 
will be essential to examine the effects of silica particles by using doses 
with equal particle specific surface area concentrations. 

We demonstrated that nSP70 induced neutrophilia (Figure 1A) 
by elevating the plasma concentration of G-CSF (Figure 4C). Recent 
studies have shown that serum amyloid A (SAA), an acute-phase 
protein, stimulates G-CSF expression in isolated macrophages and 
induces neutrophilia in mice [29]. We previously found that the plasma 
concentration of SAA is elevated in nSP70-treated mice but not in mice 
treated with nSP300 and mSP1000 [30] and that nSP70 were mainly 
detected in the liver [18]. Because the concentration of G-CSF in the 
liver was increased in nSP70-treated mice (Figure 4B) and because SAA 
is expressed by liver parenchymal cells [31,32], it is conceivable that 
nSP70 might induce the release of SAA in the liver and the subsequent 
production of G-CSF from macrophages. We speculate that nSP70-
induced neutrophilia in the liver (Figure 2) occurred after SAA-induced 
G-CSF production in the liver. During inflammation, the number of 
neutrophils in tissues increases because neutrophils play a key role in 
eliminating pathogens and promoting tissue healing. Therefore, we 
suggest that nSP70-induced neutrophilia in the liver might contribute 
to elimination of nSP70.

In this study, we showed that the plasma concentrations of G-CSF 
(Figure 4A) and CXCL2 (Figure 5A) were elevated in nSP70-treated 
mice. The number of circulating neutrophils increases as a result 
of the rapid mobilization of neutrophils from bone marrow, and 
this mobilization is mediated by inflammatory mediators including 
CXCR2-binding chemokines such as CXCL1 and CXCL2 [22]. It has 
been demonstrated that G-CSF administration rapidly induces the 
production of CXCR2-binding chemokines, which in turn trigger 
enhanced motility of neutrophils in bone marrow and neutrophil 
mobilization into the circulation [21,33]. Therefore, we consider that 
nSP70-induced G-CSF elevation effected the production of CXCL2 and 
subsequent induction of neutrophilia.

Neutrophils are reported to be recruited to sites of infection or 
inflammatory stimuli within minutes [34]. We detected nSP70 in the 
liver of mice within 2 h of injection (unpublished data); therefore, it is 
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Figure 7: Plasma levels of dsDNA in mice treated with silica particles. BALB/c 
mice were injected intravenously with nSP70 (0.2, 0.4, or 0.8 mg/mouse), 
nSP300 (0.8 mg/mouse), mSP1000 (0.8 mg/mouse), or saline. BALB/c 
mice with no treatment were divided into untreated group. (A) The plasma 
concentrations of dsDNA were determined at 24 h after treatment. (B, C) The 
plasma concentration of dsDNA of each mouse was determined at 2 h (B) 
and 72 h (C) after treatment (0.8 mg/mouse). (D) BALB/c mice were injected 
intravenously with nSP70 (0.8 mg/mouse) or nSP70-N (0.8 mg/mouse), and 
the plasma concentration of dsDNA in each mouse was determined 24 h after 
treatment. (E) BALB/c mice were injected intraperitoneally with anti-Ly-6G 
antibodies (50, 100, or 150 μg/mouse), isotype controls (150 μg/mouse), or 
PBS 24 h prior to nSP70 injection (0.8 mg/mouse). The plasma concentration 
of dsDNA in each mouse was determined 24 h after nSP70 treatment. Data are 
presented as mean ± SEM; n = 5–6; **P < 0.01 vs saline-treated group; #P < 0.05 
vs nSP70-treated group.
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conceivable that prompt recruitment of neutrophils to the liver might 
have resulted in the transient decrease in the proportion of neutrophils 
in peripheral blood observed 2 h after administration of nSP70 (Figure 
1D). During the neutrophil life-span of a few days, essential processes 
involved in restoring homeostasis after nSP70-induced neutrophilia 
may result in the decrease in the proportion of neutrophils observed 72 
h after nSP70 injection (Figure 1E).

Neutrophils recruited to sites of inflammation undergo an oxidative 
burst and form NETs, which are extracellular DNA fibers comprising 
histones and neutrophil-derived antimicrobial proteins [25]. NETs 
have been shown to have antimicrobial functions and to have proven 
benefit against infections [26,35]. Some studies have demonstrated 
that aggregation of NETs promotes the resolution of neutrophilic 
inflammation by degrading cytokines and chemokines [36]. Therefore, 
we speculate that nSP70-induced neutrophilia may protect against the 
biological effects, including inflammation, induced by nSP70.

nSP70 surface-modified with amino groups induced neutrophilia 
to a lesser extent than did unmodified nSP70 (Figure 6A), suggesting 
that modified nSP70 has little potential to induce inflammation. We 
previously demonstrated that surface-modified nSP70 is unlikely to 
induce undesired inflammatory responses in vitro and in vivo even 
though both unmodified and surface-modified nSP70 are equally 
taken up into macrophages [37,38]. Nanomaterials are reported 
to interact with proteins in such a way that a coating, known as the 
protein corona, forms around the nanomaterials [39]. Many studies 
suggest that the protein corona plays an important role in the biological 
effects and distribution of nanomaterials and that the protein–
nanomaterial biological interaction depends on the surface properties 
of the nanomaterials [40]. Therefore, we suggest that the differences 
in protein binding due to differences in the physical properties of 
nanomaterials may induce different cellular responses, including 
inflammatory responses, and that the ability to control nanomaterial 
physical properties may lead not only to the clarification of the 
mechanism of action of nanomaterials but also to the development of 
safer nanomaterials.
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