
RESEARCH ARTICLE

Subacute inhalation toxicity study of synthetic amorphous silica nanoparticles in
Sprague-Dawley rats

Jae Hoon Shina, KiSoo Jeonb, Jin Kwon Kimc, Younghun Kimc, Mi Seong Joc, Jong Seong Leea, Jin Ee Baeka,
Hye Seon Parkc, Hyo Jin Anc, Jung Duck Parkd, Kangho Ahne, Seung Min Ohf and Il Je Yub

aOccupational Lung Diseases Research Institute, KCOMWEL, Incheon, Korea; bHCTm Co. LTD, Icheon, Korea; cInstitute of Nanoproduct Safety
Research, Hoseo University, Asan, Korea; dCollege of Medicine, Chung-Ang University, Seoul, Korea; eDepartment of mechanical Engineering,
Hanyang University, Ansan, Korea; fDepartment of Nanofusion Technology, Hoseo University, Asan, Korea

ABSTRACT
Synthetic amorphous silica nanoparticles (SiNPs) are one of the most applied nanomaterials and are
widely used in a broad variety of industrial and biomedical fields. However, no recent long-term inhal-
ation studies evaluating the toxicity of SiNPs are available and results of acute studies are limited.
Thus, we conducted a subacute inhalation toxicity study of SiNPs in Sprague-Dawley rats using a nose-
only inhalation system. Rats were separated into four groups and target concentrations selected in this
study were as follows: control (fresh air), low- (0.407±0.066mg/m3), middle- (1.439±0.177mg/m3) and
high-concentration group (5.386±0.729mg/m3), respectively. The rats were exposed to SiNPs for four
consecutive weeks (6 hr/day, 5 days/week) except for control group of rats which received filtered
fresh air. After 28-days of inhalation exposure to SiNPs, rats were sacrificed after recovery periods of
one, seven and 28 days. Although there were minimal toxic changes such as temporary decrease of
body weight after exposure, increased levels of red blood cells (RBCs) and hemoglobin (Hb) concentra-
tion, the lung histopathological findings and inflammatory markers in bronchoalveolar lavage (BAL)
fluid including polymorphonuclear (PMN) leukocyte, lactate dehydrogenase (LDH), albumin and protein
did not show significant changes at any recovery period. The results of this study suggest that the sub-
acute inhalation of SiNPs had no toxic effects on the lung of rats at the concentrations and selected
time points used in this study.
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Introduction

Silica (silicon dioxide, SiO2) is the most common nonmetal
material on earth, which exists as crystalline and amorphous
forms in nature. Amorphous silica can be divided into two
categories according to the occurrence as naturally occurring
(i.e. diatomaceous earth) and micron- or nano-sized syn-
thetic amorphous silica such as silica gel, precipitated, pyro-
genic, mesoporous and colloidal silica (Fruijtier-P€olloth,
2012). Typically, chronic occupational inhalation of micron-
sized crystalline silica has been well documented as risk fac-
tor for pulmonary diseases including silicosis, chronic
obstructive pulmonary disease (COPD), pulmonary tubercu-
losis, as well as lung cancer (IARC, 2012; Leung et al.,
2012). In contrast to crystalline silica, amorphous silica has
been considered less harmful and was classified Group 3
(not classifiable as to its carcinogenicity to humans) by the
International Agency for Research on Cancer (IARC, 1997).
However, there have been a few reports on the inhalation of
synthetic amorphous silica particles showing that it might
result in reversible pulmonary inflammation (Arts et al.,
2007; Johnston et al., 2000), granuloma formation, emphy-
sema (Lee & Kelly, 1992) and even more significant

pulmonary toxic responses in comparison to crystalline silica
forms (Kaewamatawong et al., 2005; Yazdi et al., 2010).
Furthermore, since the synthetic amorphous silica nanopar-
ticles (SiNPs) have quite different characteristics with regard
to relative small particle size (<100 nm), high surface area
(>60m2/g), specific surface chemistry, bio-soluble and short
retention half-life in the lung (Roelofs & Vogelsberger,
2004) unlike same materials in bulk forms, it is essential to
carefully evaluate the hazard assessment and human adverse
health effects of SiNPs (Karlsson et al., 2009).

SiNPs are one of the most attractive nanomaterials in
many industrial and biochemical fields due to their unique
physicochemical properties, ease of synthesis, surface modifi-
cation and relative low toxicity to humans (Cheng et al.,
2010; Tsai et al., 2009). Hence, they are widely used in a
broad variety of industrial fields as additives to printing
toners, varnishes, cosmetics and food over the past decades
(Napierska et al., 2010). Also, manufactured SiNPs are used
in biomedical technologies, such as biosensor, biomarker,
gene transfection, drug delivery, cancer therapy and enzyme
immobilization (Barik et al., 2008; Wang et al., 2015). With
the growing applications and commercialization of synthetic
amorphous SiNPs, increasing safety concerns about their
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potential adverse effects on human health and environment
have been raised (Holsapple et al., 2005; Nel et al., 2006).
In addition, large production and use of SiNPs might lead
to undesirable environmental, occupational and consumer
exposure. Nevertheless, the lung is the main route of expos-
ure to SiNPs (Card et al., 2008); the pulmonary toxicity of
synthetic amorphous SiNPs is not fully understood and
requires more information.

Previous pulmonary toxicity studies of synthetic amorph-
ous SiNPs have demonstrated effects in in vitro and in vivo
experimental settings. For instance, SiNPs have been shown
to decrease cell viability, increase the levels of malondialde-
hyde (MDA) and lactate dehydrogenase (LDH) in a dose-
dependent manner and are more cytotoxic than crystalline
silica in cultured human bronchoalveolar carcinoma-derived
cells (Lin et al., 2006). SiNPs were found to cause increased
dose-dependent changes in lung inflammation as demon-
strated by bronchoalveolar lavage (BAL) fluid neutrophilia
after three consecutive intratracheal instillation in male
Sprague-Dawley (SD) rats (Guichard et al., 2015). In add-
ition, Du et al. (2013) reported that blood levels of proin-
flammatory cytokines such as interleukin (IL)-1beta, IL-6
and tumor necrosis factor (TNF)-alpha were increased after
intratracheal instillation of SiNPs for a total of 16 times in
Wistar rats. However, the above mentioned studies could
not reflect on the toxicity assessment of actual inhalation
exposure scenarios in occupational or environmental situa-
tions. Therefore, it is necessary to conduct the inhalation
toxicity study of SiNPs in a similar manner.

The aim of present study was to evaluate the pulmonary
toxic effects of SiNPs based on OECD Test Guideline No.
412 (Subacute Inhalation Toxicity: 28-Day Study, OECD,
2009) with consideration of lung burden measurement and
BAL fluid analysis that will be included on mandatory test
items in the revised new test guideline using a nose-only
inhalation system. Thus, the animals were exposed to SiNPs
aerosols for four consecutive weeks (6 hr/day, 5 days/week)
except for the control group that received high efficiency
particulate air (HEPA)-filtered fresh air and then allowed to
recover for one, seven or 28 days. This study intended to
provide the fundamental data for the assessment of potential
adverse health effects to human.

Materials and methods

Aerosol generation

The SiO2 aerosol nanoparticle generator is very similar to the
furnace generator as described by Ostraat et al. (2008).
Tetraethyl orthosilicate (TEOS, Sigma-Aldrich CO.LLC.,
St. Louis, MO) was used for the production of synthetic
amorphous SiNPs aerosol in this study. Briefly, SiNPs aero-
sols were produced by hydrolysis and condensation of TEOS
at 600 �C using a metal oxide generator equipped with fur-
nace and dilution system for SiNPs (HCT Co., Ltd., Icheon,
Korea; St€ober et al., 1968). Generated ethanol during the gen-
eration of SiNPs aerosols was eliminated by activated char-
coal and only used SiNPs aerosols were employed in this
study. HEPA-filtered fresh air was used as the carrier gas.

The dilution rates of SiNPs with HEPA-filtered fresh air
were as follows; SiNPs aerosols 3 L/min: fresh air 27 L/min
for the low-, SiNPs aerosols 11 L/min: fresh air 19 L/min
for the middle- and only SiNPs aerosols 30 L/min for the
high-concentration group, respectively. The gas flow was
maintained at 30 L/min using a mass flow controller (MFC,
FC-7810CD-4V, AREA, Tokyo, Japan) and the flow rate in
each chamber was maintained at 1 L/min.

Monitoring of nose-only inhalation chamber

The number of concentrations and size distributions of
SiNPs aerosols in each chamber were measured using a con-
densation particle counter (CPC, Model 3775, TSI Inc.,
Shoreview, MN) and electrical particle sizer (EPS, HCT Co.,
Ltd., Icheon, Korea) equipped with differential mobility ana-
lyzer (DMA-20, HCT Co., Ltd., Icheon, Korea) and soft
X-ray charger (HCT Co., Ltd., Icheon, Korea). The mass
concentrations of SiNPs aerosols in each chambers were
determined by sampling on a polyvinyl chloride (PVC) filter
(size, 37mm; pore size, 5 lm, SKC, Inc., Eighty Four, PA)
based on gravimetric method between pre- and post-weight
of filter and referred National Institute for Occupational
Safety and Health (NIOSH) manual of analytical method
0500 (NIOSH, 1994a,b). The count median diameters
(CMD) measured by EPS were also measured using a
13-stage (size range, 10 nm–10 mm) micro-orifice uniform
deposit impactor (MOUDI 125 NR, MSP Co., MN) and
47mm foil filter. The geometric standard deviation (GSD)
of mass median aerodynamic diameter (MMAD) were
derived from the cumulative mass distribution of filters.

Characterization of SiNPs

Generated SiNPs aerosols in a nose-only inhalation chamber
(NIST 30, HCT Co., Ltd., Icheon, Korea) were collected on
a transmission electron microscope (TEM) grid (copper
grid, Formavar/Carbon 200 mesh, Tedpella, Inc., Redding,
CA) using a nanocollector (HCT Co., Ltd., Icheon, Korea).
Morphology of SiNPs was characterized using a field emis-
sion (FE)-TEM (JEM2100F, Tokyo, Japan) and elemental
analysis was conducted by energy dispersive X-ray spectrom-
eter (EDS, TM200, Oxford Instrument plc., Oxfordshire,
UK) based on NIOSH analytical method 7402 (NIOSH,
1994a).

Total deposited doses per rat using multiple-path
particle dosimetry without considering clearance

The daily lung burdens per rat in each concentration groups
was estimated by multiple-path particle dosimetry model
(MPPD v 2.11, 2002; Whalan et al., 2006) and characteristics
of SiNPs aerosols in each chamber. The exposed groups of
rats were exposed to SiNPs for 6 h per day and 20 days
totally. The characteristics of SiNPs aerosol were a minute
ventilation of 0.19 L/min in rat, MMAD of 76 nm, GSD 2.29
and lung deposition efficiency of 23.64%. The mass concen-
trations of SiNPs were 0.407, 1.439 and 5.386mg/m3 for the
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low-, middle- and high-concentration group, respectively.
The following calculations were made (Alexander et al.,
2008):

Daily deposited dose (mg/day) per rat¼ average SiNPs
concentration (mg/m3)�minute ventilation volume (L/min
¼ 0.06m3/h)� exposure duration (h/day)� particle lung
deposition efficiency.

Animals and conditions

Six-week old male specific-pathogen free (SPF) Sprague-
Dawley (SD) rats were obtained from OrientBio (Seongnam,
Korea) and acclimatized for two weeks before commence-
ment of nose-only inhalation exposure. During the acclima-
tion, inhalation exposure and recovery periods, the rats were
accommodated in polycarbonate cages (2–3 rats/cage) with
wooden chip bedding and kept in individually ventilated
cage racks. The housing conditions were maintained on a
controlled temperature (22 ± 2 �C), humidity (40 ± 5%) and
12-hour light/dark cycle. The rats were received rodent diet
(Woojung BSC, CO. Ltd., Suwon, Korea) and filtered water
ad libitum. The rats were separated into four groups and
target concentrations selected in this study were as follows:
control (unexposed n¼ 15), low- (0.30mg/m3 SiNPs,
n¼ 15), middle- (1.25mg/m3 SiNPs, n¼ 15) and high-
concentration group (5.00mg/m3 SiNPs, n¼ 15), respect-
ively. The rats were exposed to the SiNPs aerosols for four
consecutive weeks (6 hr/day, 5 days/week) in each nose-only
inhalation chamber. On the other hand, the rats of control
group in the nose-only holders were exposed to HEPA-fil-
tered fresh air with same times as exposed groups in a nose-
only inhalation chamber. After four weeks-repeated inhal-
ation exposure of SiNPs, the rats were followed by recovery
periods for 1, 7 and 28 days (five rats/each recovery time
period). The rats were observed daily for any significant
clinical symptoms relevant to the exposure-related toxic
effects. The body weights of rats were measured at the time
point of obtainment, grouping, before necropsy and once a
week until last recovery day. Also, the food intake of all rats
during the exposure and recovery periods was also measured
once a week. All animal procedures were carried out in
accordance with the Hanyang University’s Institutional
Animal Care and Use Committee.

Hematology and biochemistry

At necropsy, the rats were anesthetized via intraperitoneal
injection of anesthetic agent (Pentobarbital, EntobarVR ,
Hanlim Pharm Co. Ltd., Seoul, Korea) in a dose of 1mg/kg.
Then, blood samples were immediately collected from aorta
abdominalis. Differential counts of blood samples were per-
formed using a blood cell counter (Hemavet 0950, CDC
Tech., Dayton, OH) and levels of serum biochemical
markers such as albumin were analyzed using biochemistry
analyzer (7180 Automatic Analyzer, Hitachi High-
Technologies Co., Tokyo, Japan). Blood coagulation times
for the purpose of evaluation for the cardiovascular effects

also were analyzed using coagulation analyzer (ACL7000,
Diamond Diagnostics Inc., Holliston, MA).

Histopathology

As nose-only inhalation exposure might result in some skin
contamination at head, neck and thorax area of rats, we
conducted decontamination processes as follows: After
euthanasia of the rats, they were cleaned with running water,
then skinned completely and washed again because of the
clean dissection and excision of the organs to be analyzed.
The organs of rats, including brain, lungs, spleen, kidneys,
thymus, testes, heart and liver were immediately removed
and weighed. The right lungs were fixed with a 10% forma-
lin solution under 25 water pressure, embedded in paraffin
and stained with hematoxylin (H) and eosin (E) solution
(BBC biochemical, Mount Vermon, WA). The stained right
lungs were then examined with a light microscope (AX10,
XEISS, Oberkochen, Germany) for the histopathological
evaluation.

Analysis of BAL cells and fluids

After anesthesia of the rat, the chest cavity was opened for
the collection of BAL fluid of rat. 3mL of chilled magne-
sium- and calcium-free 0.9% NaCl solutions were injected
and aspirated carefully and lavage was conducted for four
times. Collected BAL fluids were then centrifuged at 500 g
for 7min at 4 �C. BAL cells were suspended in 1mL of 0.9%
sodium chloride solution and then stained with Wright-
Giemsa solution. BAL cells were counted using a hemocyt-
ometer. The supernatants of centrifuged BAL fluids were
further analyzed for the levels of hydrogen peroxide (H2O2)
by high performance liquid chromatography (HPLC, Agilent
1200, Agilent Technologies, Santa Clara, CA) and malondial-
dehyde (MDA) by liquid chromatography and atmospheric
chemical ionization tandem mass spectrometer (LC-APCI-
MS/MS, API 3200 QTRAP, Applied Biosystems, San Mateo,
CA) for the evaluation of pulmonary oxidative stress. Also,
we measured lactate dehydrogenase (LDH), albumin and
protein using biochemistry analyzer (7080 Automatic
Analyzer, Hitachi High-Technologies Co., Tokyo, Japan) for
the inflammatory responses of the lung.

Statistical analysis

Data from this study were represented as the arithmetic
mean ± standard error (SE) and analyzed using SPSS 19.0
software (IBM Statistics. Chicago, IL). The statistical analysis
was performed using one-way analysis of variance
(ANOVA) followed by Dunnett’s comparison between
control group and exposed groups. The level of statistical
significance was set at p< .05.

Results

Characteristics of SiNPs

The generated SiNPs aerosols were characterized as spherical
shape, ranging from 60–70 nm by FE-TEM (Figure 1(A,B)).
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The EDS analysis indicated the presence of two elements in
atomic percentage (Table 1): oxygen (65.22%) and silicon
(34.78%) (Figure 1(C,D)).

Concentration, size distribution and MMAD of SiNPs

The measured mean mass concentrations (mg/m3) of SiNPs
based on weighing the PVC filters in each nose-only inhal-
ation chambers were as follows: 0.407 ± 0.066 for the low-,
1.439 ± 0.177 for the middle, 5.386 ± 0.729mg/m3 for the
high-concentration group, respectively (Table 2). The meas-
ured mean number concentrations (particles/cm3) using
CPC and switching-mode power supply(SMPS) models
were 4.254� 105 ± 3.031� 104, 1.395� 106 ± 1.080� 105

and 4.468� 106 ± 3.532� 105 for the low-, middle and high-
concentration of SiNPs, respectively (Table 2, Figure 2). The
count median diameter and GSD in each nose-only inhal-
ation chamber measured by SMPS were 53 (2.56), 76 (1.53)
and 79 (1.52) for the low-, middle and high-concentration
of SiNPs, respectively (Table 2, Figure 2). Also, the MMAD

and GSD for the SiNPs in the aerosols were 76 nm and 2.29,
respectively.

Calculated total deposited doses per rat using MPPD
without considering clearance

The calculated total deposited doses per rat of exposed
groups based on the characteristics of SiNPs and MPPD
model were as follows: 0.132 for the low-, 0.466 for the mid-
dle and 1.742mg/rat for the high-concentration group,
respectively.

Animal observation, food consumption and effect on
body and organ weights

There were no significant clinical signs in all rats during the
exposure and recovery periods. Also, there were no

Table 1. EDS analysis of SiNPs.

Element Weight % Atomic %

O 51.65 65.22
Si 48.35 34.78
Total 100.00 100.00

O: Oxygen; Si: Silicon.

Table 2. Mass concentrations and distribution of SiNPs exposed in each nose-
only inhalation chamber.

Group

Mass
concentrationa

(mg/m3)

Particle
concentrationb

(particles/cm3)
Particle

sizec (nm)

Control 0.05 ± 0.02 1.92 ± 0.79 0
Low 0.407 ± 0.066 4.254� 105 ± 3.031� 104 53 (2.56)
Middle 1.439 ± 0.177 1.395� 106 ± 1.080� 105 76 (1.53)
High 5.386 ± 0.729 4.468� 106 ± 3.532� 105 79 (1.52)
a,bArithmetic mean ± arithmetic standard deviation.
cGeometric mean (geometric standard deviation).

Figure 1. FE-TEM (A (scale bar: 50 nm) and B (scale bar: 200 nm)) and EDS (C and D) analysis of SiNPs in the nose-only inhalation chamber (100,000�).
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significant changes in food intake between control and
SiNPs-exposed groups (Supplementary Figure S1).
Significant body weight loss was recorded for the high-con-
centration group at five weeks from the start of exposure
when compared with control group (i.e. control, 408.81 ± 6.
30 g versus high-concentration, 381.82 ± 6.16 g; p< .05).
However, there were no significant body weight changes
between control and SiNPs-exposed groups at the rest of
observation time points (Supplementary Figure S2). There
were no significant gross findings of rat organs including
the brain, lungs, spleen, kidneys, thymus, testes, heart and
liver at any of the necropsy time. Significant changes of rela-
tive weights of organs were noted in the left kidney (i.e. con-
trol, 0.31± 0.02 g versus high-concentration, 0.37 ± 0.02 g) and
liver (i.e. control, 2.43 ± 0.05 g versus high-concentration, 3.
17 ± 0.33 g) at recovery day 1 when compared with control
group (p< .05). No other significant differences of relative
weights of organs were recorded at the remaining necropsy
times (Supplementary Figure S3–5).

Hematology and blood coagulation

The red blood cell (RBC) counts in the low-, middle- and
high-concentration group (p< .05) and hemoglobin (Hb)
concentration in the low- (p< .05) and middle-concentra-
tion group (p< .01) were significantly higher than those of
control group at recovery day 1 (Supplementary Figure S6).
The RBC count in the middle-concentration group (p< .05),
mean corpuscular hemoglobin concentration (MCHC,
p< .05) and relative percentage of lymphocyte (% LYM,
p< .05) in the high-concentration group were significantly
higher than those of control group at recovery day 7
(Supplementary Figure S6). On the other hand, relative per-
centage of neutrophil (% NEUT) in the high-concentration
group was lower than that of control group at recovery
day 7 (p< .05) (Supplementary Figure S7). At recovery day
28, the relative percentage and absolute count of monocyte
in high-concentration group were significantly higher than
those of control group (p< .05) and relative percentage of

eosinophil (% EO) in low-concentration group were signifi-
cantly lower than that of control group (p< .05;
Supplementary Figure S8). There were no significant differ-
ences in the blood coagulation time such as prothrombin
time (PT) and activated partial thromboplastin time (aPTT)
between control and SiNPs-exposed groups during all recov-
ery periods (Supplementary Figure S9).

Serum biochemistry

The levels of serum aspartate aminotransferase (AST) and
lactate dehydrogenase (LDH) in the middle- (p< .05) and
high-concentration group (p< .01), blood urea nitrogen
(BUN), and creatine kinase (CK) in the high-concentration
group (p< .01) were significantly decreased at recovery day 1
when compared with control group (Table 3). The levels of
serum AST in the middle- (p< .05) and high-concentration
group (p< .01), LDH in the low-, middle- and high-concen-
tration group (p< .01), alanine aminotransferase (ALT;
p< .05), total protein (TP; p< .01) and CK (p< .01) in the
high-concentration group were significantly decreased at
recovery day 7 (Table 3). At recovery day 28, the levels of
serum CK in the high-concentration group were signifi-
cantly decreased when compared with control group
(p< .05) (Table 3, Supplementary Figure S10–12). All sig-
nificant serum biochemical indices in this study except for
ALT at recovery day 7 were decreased in a dose-dependent
manner.

BAL cells and fluids

BAL cell counts (i.e. total cells, macrophages, polymorpho-
nuclear (PMN) leukocytes and lymphocytes; Table 4), oxida-
tive stress (i.e. H2O2) and pulmonary inflammatory markers
(i.e. LDH, albumin and protein) in BAL fluid of rats showed
no significant changes in exposed groups as compared
with control group at all the recovery time points except the
levels of MDA in the middle- and high-concentration
groups were lower than those of control group (p< .05)
(Table 5).
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Figure 2. Mass concentration of SiNPs in each nose-only inhalation chamber during exposure periods.
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Histopathology

There were no significant toxicological and inflammatory
changes in the lungs of exposed groups during the all recov-
ery days (Figure 3).

Discussion

The aim of this study was to evaluate the inhalation toxicity
of synthetic amorphous SiNPs which were characterized as
spherical structure with a diameter less than 100 nm by
TEM. As the utilization of SiNPs is increasing in various
industrial and biomedical fields, the potential exposure to
SiNPs by inhalation would be augmented in occupational
and environmental settings. Since the respiratory system is a
unique target for the potential toxicity of SiNPs, it is
important to study the inhalation toxicity, which is more
relevant than intratracheal instillation, oral administration or
intravenous injection of the nanomaterials into the body
cavity (Poland et al., 2008; Ryman-Rasmussen et al., 2009).
To investigate the inhalation toxicity of SiNPs used in this
study (i.e. low, 0.3mg/m3; middle, 1.25mg/m3and high,
5.0mg/m3), we developed new metal oxide generator

equipped with furnace by the modification of Ostraat et al.
(2008) for the generation of SiNPs aerosols. This pyrolysis
generation method is very similar to the pyrolysis method
used in the fumed silica manufacturing plant (Oh et al.,
2014). The geometric mean diameter measured in the plant
was 64 nm (40–90 nm), while the diameter of generated
SiNPs aerosols in our study ranged from 60–70 nm. The
elemental analysis by EDS of both fumed silica particles
from manufacturing plant and our furnace generator showed
silicon and oxygen as major component (Oh et al., 2014).
These results support our notion that the physicochemical
properties of generated SiNPs aerosols in this study were
similar to those in the working environment, although
detailed characterizations of fumed silica particles were
studied in our as well as workplace monitoring study.
Synthesized amorphous SiNPs aerosol particles in this study
were consistently generated and maintained mass and par-
ticle number concentrations within ±20% during the all
exposure periods. Target concentrations of subacute

Table 3. Levels of serum biochemical markers after four weeks of inhalation exposure to SiNPs followed by 1, 7 and 28 days of recov-
ery (n¼ 5 for each groups).

Group (mean± SE) Control Low Middle High

Recovery day 1
AST (IU/L) 211.40 ± 15.77 184.40 ± 4.46 160.00 ± 15.12a 91.40 ± 3.84b

LDH (IU/L) 3032.20 ± 312.63 2438.00 ± 73.93 2041.60 ± 365.26a 404.40 ± 76.01b

BUN (mg/dL) 20.10 ± 0.68 19.98 ± 0.87 19.96 ± 0.80 16.94 ± 0.60a

CK (IU/L) 1876.40 ± 171.38 1928.80 ± 92.57 1964.60 ± 257.80 561.60 ± 75.38b

Recovery day 7
AST (IU/L) 220.80 ± 10.98 177.20 ± 22.51 166.80 ± 7.38a 104.40 ± 7.61b

LDH (IU/L) 3654.00 ± 230.13 2417.80 ± 507.86b 2209.60 ± 107.55b 1024.00 ± 153.38b

CK (IU/L) 2503.80 ± 194.02 2390.80 ± 404.78 1796.40 ± 162.60 970.00 ± 71.56b

ALT (IU/L) 36.20 ± 1.11 38.00 ± 0.55 34.20 ± 3.62 28.00 ± 1.87a

TP (g/dL) 5.82 ± 0.07 5.76 ± 0.09 5.70 ± 0.07 5.34 ± 0.12b

Recovery day 28
CK (IU/L) 1839.00 ± 388.94 1645.20 ± 134.40 1115.80 ± 148.35 933.80 ± 83.52a

ap< .05 comparison with control group.
bp< .01 comparison with control group.
AST: aspartate aminotransferase; LDH: lactate dehydrogenase; CK: creatine kinase; ALT: alanine aminotransferase; TP: total protein.

Table 4. BAL cell counts of rats after four weeks inhalation of SiNPs followed
by 1, 7 and 28 days of recovery (n¼ 5 for each groups).

Group (mean± SE,�106/mL) Control Low Middle High

Recovery day 1
Total cell 0.24 ± 0.04 0.28 ± 0.05 0.28 ± 0.08 0.21 ± 0.05
Macrophage 0.21 ± 0.04 0.24 ± 0.04 0.24 ± 0.08 0.19 ± 0.05
PMN leukocyte 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Lymphocyte 0.03 ± 0.00 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.01

Recovery day 7
Total cell 0.22 ± 0.04 0.25 ± 0.03 0.22 ± 0.09 0.27 ± 0.03
Macrophage 0.19 ± 0.04 0.20 ± 0.02 0.19 ± 0.07 0.21 ± 0.02
PMN leukocyte 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Lymphocyte 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.02 0.06 ± 0.01

Recovery Day 28
Total cell 0.52 ± 0.06 0.44 ± 0.04 0.57 ± 0.07 0.55 ± 0.05
Macrophage 0.43 ± 0.05 0.37 ± 0.02 0.45 ± 0.06 0.45 ± 0.05
PMN leukocyte 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Lymphocyte 0.09 ± 0.02 0.07 ± 0.02 0.12 ± 0.03 0.10 ± 0.01

PMN: polymorphonuclear.

Table 5. Levels of pulmonary oxidative stress and inflammatory indicators in
BAL fluid of rats after four weeks of inhalation exposure to SiNPs followed by
1, 7 and 28 days of recovery (n¼ 5 for each groups).

Group (mean ± SE) Control Low Middle High

Recovery day 1
H2O2 (mmol/L) 0.98 ± 0.28 0.59 ± 0.30 1.27 ± 0.79 1.75 ± 0.53
MDA (nmol/L) 13.04 ± 3.28 10.23 ± 3.12 25.35 ± 11.60 8.44 ± 1.28
LDH (IU/L) 42.40 ± 7.39 38.60 ± 4.85 67.00 ± 30.52 61.80 ± 8.72
Albumin (mg/mL) 14.98 ± 2.65 13.71 ± 0.98 17.21 ± 4.12 22.97 ± 5.66
Protein (mg/mL) 8.45 ± 0.87 8.64 ± 0.43 10.11 ± 1.43 12.23 ± 4.81

Recovery day 7
H2O2 (mmol/L) 0.54 ± 0.24 1.77 ± 0.93 5.05 ± 3.14 0.50 ± 0.28
MDA (nmol/L) 36.15 ± 20.72 6.35 ± 1.88 8.98 ± 2.23 7.10 ± 1.15
LDH (IU/L) 39.00 ± 6.59 47.00 ± 5.11 56.00 ± 24.36 29.00 ± 2.21
Albumin (mg/mL) 13.33 ± 2.16 24.52 ± 6.57 39.50 ± 17.43 13.38 ± 3.05
Protein (mg/mL) 7.81 ± 0.16 12.18 ± 2.31 19.40 ± 8.35 8.71 ± 0.73

Recovery day 28
H2O2 (mmol/L) 0.94 ± 0.11 1.18 ± 0.24 1.31 ± 0.15 1.22 ± 0.26
MDA (nmol/L) 18.70 ± 4.64 27.68 ± 3.17 7.75 ± 0.75a 7.51 ± 0.77a

LDH (IU/L) 30.00 ± 1.02 25.00 ± 2.31 26.00 ± 1.52 25.00 ± 1.70
Albumin (mg/mL) 13.52 ± 2.29 16.01 ± 2.16 11.94 ± 1.67 11.90 ± 1.53
Protein (mg/mL) 8.32 ± 0.72 9.81 ± 0.76 8.58 ± 0.51 8.12 ± 0.45

ap< .05 comparison with control group.
H2O2: hydrogen peroxide; MDA: malondialdehyde; LDH: lactate dehydrogenase.
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inhalation exposure to SiNPs in this study were based on
OECD (2009) guidelines for the testing of chemicals (Test
No. 412: Subacute Inhalation Toxicity: 28-Day Study). One
thing to be noted was the diameter of SiNPs in the low
exposure group was much smaller than those in middle and
high exposure groups in this study. The reason for the dif-
ference of diameters among concentration groups was
resulted from the exposure of SiNPs aerosols at different
exposure concentrations using a single generator. This gave
rise to the decrease of mean free path of particles as the
increase of exposure concentrations. The decreased mean
free path of higher exposure group could induce growth of
particles and eventually the diameter of SiNPs in the high
concentration groups was larger than the low concentration
group (Hinds, 1999). In fact, there were no statistical differ-
ences in particle size distribution among concentration
groups. Thus differences in particle size distribution would
not affect results of hazard assessment.

There were no significant changes of clinical signs, food
intakes and gross findings of extracted organs such as liver
during the 28-days inhalation of SiNPs and recovery periods.
A body weight loss was observed for the high-concentration
group in a dose-dependent manner at point fifth weeks from
the start of exposure. However the food intakes were not sig-
nificant between control and exposed groups, this decreased
body weight was due to the dose-dependent decrease of food
intake at fifth week and nose-only inhalation exposure-
related stress. The rest of body weights and food intakes at
measurement time points until last recovery day did not
show any significant changes comparing to the control

group. There were also no significant changes in the relative
weights of most organs, although minor changes were noted
in the left kidney and liver in the high-concentration group,
which were significantly higher than those of control group
at recovery day 1 without any dose-dependent fashion.
Consequently, these results obtained from this study indicate
that the subacute inhalation exposure to SiNPs only had a
minimal toxic effect on the exposed groups. Similar results
about clinical signs, measurement of body and organ weights
related to the exposure of SiNPs have been reported, where
the continuous intraperitoneal injection of mesoporous hol-
low SiNPs into ICR mice twice a week for six weeks at
10–50mg/kg dosage showed no unusual behavior and obvi-
ous difference in body and organ weights changes of all the
groups (Liu et al., 2012). We measured the hematological
indices in the blood to evaluate toxic responses of SiNPs
selected concentration in this study. Most of the hemato-
logical data were analyzed to be no significant differences
when comparing to the control group, although some indices
were significant in RBC counts and Hb concentrations at
recovery day 1, RBC counts, MCHC, NE and LY at recovery
day 7 and MO and EO at recovery day 28. Also, there were
no significant differences in the blood coagulation time
between control and exposed groups during all recovery peri-
ods. When comparing the hematological data from 180 nor-
mal SD rats which were not exposed to any toxic substances,
most of significant hematological data were within a normal
and healthy range (mean ±2 standard deviation; Giknis &
Clifford, 2008) and had no dose-dependency. Thus, there
was not relevant toxicity for selected high-concentration

Figure 3. Lung histopathology after four weeks repeated inhalation of SiNPs followed by 1,7 and 28 days recovery. Control: A, E and I; Low: B, F and J; Middle: C, G
and F; High: D, H and L.
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(5.386mg/m3) group of exposed rats in this study. The tox-
icity of SiNPs related to hematological analysis has been
demonstrated in intranasal exposure or intratracheal instilla-
tion of animal model, where intranasal exposure to SiNPs
with diameters of 30, 70 or 100 nm at concentrations of
500mg/mouse for seven days showed white blood cells
(WBC), LY, MO and PT unchanged in all groups, although
platelets (PLT) counts decreased and prolonged aPTT in the
SiNPs-treated groups (Yoshida et al., 2013). On the other
hand, intratracheal instillation of SiNPs with diameters of 30,
60 or 90 nm for a total of 16 times at concentrations of
10mg/kg in Wistar rats produced elevated WBC and PLT
counts in all SiNPs-treated groups (Du et al., 2013). These
concentrations were unrealistic and high when comparing
with realistic exposure situation in the workplace.

A few serum biochemical markers revealed significant dif-
ferences between control and exposed groups. The levels of
serum AST, LDH, BUN and CK at recovery 1 day, AST,
ALT, LDH, CK and TP at recovery day 7, CK at recovery day
28 in exposed groups were lower than control group.
Although significant serum biochemical markers showed a
dose-dependent decrease except for ALT, it would appear
that nose-only inhalation of SiNPs at the selected concentra-
tion in this study is not toxicologically relevant.
Notwithstanding, a previous study showed that the single
intravenous injection of SiNPs in ICR mice increased the
serum levels of LDH in all treated groups and ALT in high-
concentration group (Yu et al., 2013). In another study, intra-
nasal exposure to SiNPs in BALB/c mice revealed that serum
levels of ALT were in a normal range and BUN, ALB had no
significant difference between control and exposed groups
(Yoshida et al., 2013). These discordant results between previ-
ous studies and our report may be due to many differences in
exposure routes, methods and target concentrations.
Accordingly, our present results indicate that we need to
more accurately evaluate the biological responses of SiNPs by
nose-only inhalation on all tissues in the body such as liver
histopathology and inflammatory cells such as polymorpho-
nuclear (PMN) leukocytes, macrophages and lymphocytes.

The BAL cell count and toxicity indicators from the BAL
fluid, including the levels of H2O2, MDA, LDH, albumin
and protein failed to show any apparent toxic effects linked
to the nose-only inhalation of SiNPs in this study. Also, the
lung histopathological findings did not showed significant
changes during all recovery periods. The absence of inflam-
matory changes even at high-concentration of SiNPs was
due to the relatively high solubility of SiNPs in physiological
solution (Vogelsberger & Schmidt, 2009) and this may indi-
cate that the inhaled SiNPs were removed by the mechanism
of mucociliary clearance of the lung. Similar reports about
nose-only inhalation toxicity of amorphous SiNPs have been
previously reported by Sayes et al. (2008) and Sutunkova
et al. (2017). Sayes et al. (2008) demonstrated that inhalation
of 37 nm SiNPs at concentration of 1.8mg/m3 or 83 nm at
86mg/m3 in rats for one or three days showed no significant
differences in the levels of LDH, protein and alkaline phos-
phatase in BAL fluid of rats at any post exposure time
period. In another previous study, Sutunkova et al. (2017)
reported that inhalation exposure to nano-SiO2 collected

from the flue-gas ducts for three or six months at concentra-
tion of 2.6 or 10.6mg/m3 had very low systemic toxicity and
negligible pulmonary fibrogenicity due to the low SiO2

retention in the lungs and relatively high solubility of SiNPs.
On the other hand, Coccini et al. (2013) reported that intra-
tracheal instillation of SiNPs at dosage of 600mg/rat induced
granuloma formation, pulmonary inflammatory responses
and alveolar wall thickness in the lung parenchyma. Our
findings on no increase of inflammatory cells, especially,
PMN leukocyte may indicate that inflammatory cells infiltra-
tion could be observed in the early exposure period were
recovered during 28-day exposure and recovery periods. The
substantially lower of inflammatory effects of amorphous sil-
ica demonstrated in several other inhalation studies
(Hemenway et al., 1986; Lee & Kelly, 1992, 1993; Warhe�ıt
et al., 1995) even at high-concentration of amorphous silica
were due to the relatively higher solubility of amorphous sil-
ica than crystalline silica in physiological solution and may
indicate that the inhaled SnNPs were removed by the mech-
anism of mucociliary clearance and dissolution which are
the major mechanisms of clearance (IARC, 1997).

Importance of lung clearance particle should not be disre-
garded. Current modeling tool to estimate particle lung
deposition and clearance such as MPPD is applicable to
poorly soluble particles. Crystalline silica forms are com-
pletely different from amorphous forms. Crystalline forms
are more toxic and may not be cleared well, while amorph-
ous forms are more soluble, less toxic and cleared well
(IARC, 1997; Sayes et al., 2008; Sutunkova et al., 2017).
Thus we did not estimate clearance of amorphous silica by
MPPD. We attempted to quantify the SiNPs particles in the
lung for the lung burden analysis using inductively coupled
plasma-optical emission spectrometry (ICP-OES), but we
could not detect the SiNPs particles in the lungs because our
analyzed results were lower than detection limit. Therefore,
there is a necessity to analyze the SiNPs particles quantita-
tively using more sensitive methods.

In summary, although there were minimal toxic changes
at the concentrations and selected time points used in this
study such as temporary decrease of body weight after
exposure, increased levels of RBC and Hb concentration, the
lung histopathological findings and toxicological indicator in
BAL fluid did not showed any significant change after
exposure and during recovery periods. When taken together,
the results of this study suggest that the subacute inhalation
of SiNPs had a no toxic effect on the lung of rats. It was
necessary to study the long-term inhalation toxicity for the
evaluation of bio persistence and transference of SiNPs from
the lung to other organs in the body.
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