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Abstract: Silica nanoparticles (SiNPs) are being studied and used for medical purposes.
As nanotechnology grows rapidly, its biosafety and toxicity have frequently raised concerns.
However, diverse results have been reported about the safety of SiNPs; several studies reported
that smaller particles might exhibit toxic effects to some cell lines, and larger particles of
100 nm were reported to be genotoxic to the cocultured cells. Here, we investigated the in vivo
toxicity of SiNPs of 150 nm in various dosages via intravenous administration in mice. The
mice were observed for 14 days before blood examination and histopathological assay. All the
mice survived and behaved normally after the administration of nanoparticles. No significant
weight change was noted. Blood examinations showed no definite systemic dysfunction of organ
systems. Histopathological studies of vital organs confirmed no SiNP-related adverse effects.
We concluded that 150 nm SiNPs were biocompatible and safe for in vivo use in mice.
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Introduction

Due to their widespread distribution and abundance,' as well as their chemical and
physical properties, silicon-based materials have been used in many industries,
including construction or building, electronics, food industry, consumer products,
and medical uses.”? Many products containing silicon have been manufactured for
human use, which can be applied on the skin or inside the body, such as bandages,
lens, dietary supplements, dental fillers, catheters, and implants.*~ In addition, micro/
nanoscale silicone-based materials were used to manufacture consumer products. Due
to their basic features, such as size, high specific surface area, low density, optical
properties, capacity for absorption, encapsulation capacity, biocompatibility, and low
toxicity, silica nanoparticles (SiNPs) attained an important role in the rapidly growing
nanotechnologies.® These characteristics of SiNPs result in their wide utilization as an
inert substance entrapping or supporting matrix.” Consequent research on biomedical
applications using SiNPs was undertaken intensively through decades, including
diagnosing and controlling disease, identifying and correcting genetic disorders, and
increasing longevity.® SiNPs were used to innovate newer biomedical applications,
such as biosensors,” enzyme supporters,'® controlled drug release and delivery,'!?
and cellular uptake.'?

As these particles are being applied to humans, concerns about biocompat-
ibility and harm to body health raise. These abovementioned macroscopic devices,
including silica and other materials, are generally known to be safe and biocom-
patible. When the size of particles was decreased to nanoscale, toxicity has been
discovered and reported, such as silver and gold, which have been earlier utilized in
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biomedical field. Owing to its antibacterial property, silver
is used for the production of SiNPs containing medical
products, such as wound dressings, devices, and catheters,
to lower the incidence of bacterial infections.!> However,
Paddle-Ledinek et al'* found that extracts from wound
dressings containing SiNPs were more toxic to keratino-
cytes among those nanomaterials tested. SiNPs are well
known to be toxic to various tissues, such as lung, liver,
brain, vessels, and reproductive organs.'> Gold is inert and
considered as biocompatible, and its nanoparticles are used
in medical applications, including drug carrier, biosensor,
tumor detector, photothermal agent, and dose enhancer in
radiotherapy,' but a study had shown that gold ions caused
suicidal death of erythrocytes.!” Hematological alterations,
a common hallmark of toxicity, had been demonstrated
in mice that were intravenously given gold nanoparticles
(AuNPs)."® Cytotoxic effect was noted in both SINP- and
AuNP-treated mice by Shrivastava et al,' and increased
reactive oxygen species resulting in oxidative stress dam-
age was demonstrated to be the reason for the noxious
effect. However, a recent study performed by Fraga et al?
to observe the short- and long-term toxicities after a single-
dose intravenous AuNPs to rats showed no severe acute or
delayed toxicity. Size-dependent cytotoxicity of AuNPs
was reported, and 1.4 nm nanoparticles induced necrosis
of the studied cells, but 15 nm nanoparticles exhibited no
toxicity with up to 60-fold higher concentration.?!

Although some data found that SiNPs are biocompatible,
a recent in vitro study with various cell lines showed side
effects to some investigated cells depending on nanoparticle
size and cell type as well as dosing of the particles.?? Inflam-
matory responses presenting as elevated interleukin- 13 were
elicited more by smaller particles when different size, dose,
concentration, and surface area mixtures of SiNPs were
internalized by mouse bone marrow-derived macrophages.?
Sohaebuddin et al** reported that SiO, nanoparticles of 30 nm
diameter induced apoptosis of the cocultured cells with
increasing percentages in 3T3 fibroblasts, human bronchiolar
epithelial cells, and RAW macrophages, reaching ~10%,
50%, and 90%, respectively; however, little necrosis was
observed in these studied cells. In contrast, limited cyto-
toxicity, measured as global metabolism activity, was seen
when human epithelial intestinal HT-29 cells were exposed
to both 25 and 100 nm nano-SiO, particles for 24 hours.*
Surprisingly, larger nanoparticles in lower dose resulted in
a more unfavorable effect in terms of genotoxicity in the
abovementioned study, which was opposite to the concept
that smaller particles in higher concentration are usually more
toxic to studied subjects.

In in vivo studies, in which SiNPs were administered to
animals, discordant results have been reported in various
experiments. Inhalation of SiNPs was noted to result in
pulmonary tract inflammation and myocardial ischemia
in rats, especially in old individuals.?® Oxidative stress
biomarkers and proinflammatory cytokines were found in
rat lungs when 30 nm SiNPs were instilled in the trachea for
5 weeks by Lin et al,?” and oxidation damage with inflamma-
tion was thought to be the rationale of pulmonary toxicity
caused by the nanoparticles. Pulmonary inflammation was
detected by microcomputed tomography in mice lungs after
intratracheal injection with the SiNPs of 30 or 3,000 nm, and
smaller particles caused more severe complications.”® Many
studies demonstrated that most porous SiNPs deposited in
liver and spleen when administered via blood and most of
them were cleared in <1 month.?®?’ Delayed clearance was
noted when nonporous amorphous SiNPs were given intra-
venously to mice, and elevated aminotransferases, increased
inflammatory cytokines, and hepatocytic necrosis were also
found.’® SiNPs accumulated in various organs in mice, but
no sign of toxicity to those organs was seen with the particle
sizes of 2025 and 80 nm while giving 3 and 2 mg/kg to mice,
respectively.’!*2 A study by Liu et al** in 2011, administering
110 nm SiNPs to Institute of Cancer Research mice, reported
that 2 of the 10 mice that received >1,000 mg/kg of the
SiNPs died, but this lethal dose was much higher than that
given to mice receiving 64 nm SiNPs.>* Moreover, as in the
report mentioned earlier published in 2012, 100 nm SiNPs
produced more genotoxic effect to human epithelial intestinal
HT-29 cells than did 25 nm SiNPs;? it is doubtful whether
larger SiNPs are really safer when administered in vivo.

Owing to the diverse results of various investigations, we
carried out an in vivo study to evaluate the toxic events as
well as the dose-related effects of intravenous SiNPs in mice.
In this study, we gave regimens in different concentrations
of 150 nm SiNPs to the subjects and attempted to determine
the lethal dose. In order to determine the general toxicity of
SiNPs, we observed for any depressed activity, disability, or
disorder in these treated animals. Multiple blood and serum
indicators were measured to detect the systemic dysfunction
caused by SiNPs in different dosages. Histopathological
analysis of various vital organs was performed to understand
the extent of cellular effects produced by the nanoparticles.

Methods

Preparation of SiNPs

SiNPs were synthesized by tetracthylorthosilicate (TEOS),
ammonium hydroxide, ethanol, and deionized water according
to the methods previously reported.***¢ At first, 3 mL of
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ammonium hydroxide (30%, J.T. Baker, Center Valley,
Pennsylvania, USA) was added to deionized water and 50 mL
of ethanol (EtOH, 99.8%; Sigma-Aldrich, St. Louis, Missouri,
USA) to make an ammonium—water—EtOH solution, and the
solution was stirred vigorously for 5 minutes after admixture.
Then, 1.5 mL of TEOS (Sigma Aldrich) was added dropwise
to the ammonium—water—EtOH solution with stirring for
1 hour, giving a milky white suspension. This mixture was
stood for 17 hours to coarsen the SiNPs. The solidified SiNPs
were collected after centrifugation and ethanol washing.

Animal and treatment

Thirty male Balb/C mice aged 7 weeks were purchased
from the National Laboratory Animal Center (Taiwan). All
mice were housed to a 12-hour light/dark cycle at the animal
care center; and environmental condition was maintained
at a constant temperature of 22°C+1°C and the humidity of
55%=10%. Water and autoclaved food (Laboratory Auto-
clavable Rodent Diet 5010; LabDiet, St. Louis, Missouri,
USA) were provided ad libitum. The mice were acclimatized
for 1 week prior to the experiments. After 1 week, the mice
weight was between 24 and 26 g. They were divided into
eight groups, each group consisting of three to four mice.
A series of doses (1, 2.5, 5, 10, 100, 200, and 300 mg/kg) were
set to process the in vivo toxicologic study of SiNPs. The
mice received 100 uL of SiNPs in different concentrations
by intravenous injection via the tail vein. The control group
received 100 pL saline instead of SiNPs, ie, the 0 mg/kg
group. Every day, the mice were weighed and behavioral
changes were assessed. Animal studies were approved by
the Institutional Animal Care and Use Committee (IACUC)
of MacKay Memorial Hospital, Taiwan (IACUC Number:
MMH-A-S-101-43). The guidelines of animal welfare
were instituted by the National Laboratory Animal Center
(Taiwan) and supervised by the Laboratory Animal Center
of MacKay Memorial Hospital.

Sample collection

To detect any systemic dysfunction, we examined the blood
for changes in hematological and biochemical parameters.
Blood samples were collected via the ocular vein 14 days
after the exposure to SiNPs. Complete blood counts were
analyzed by HEMAVET® (Drew Scientific, Dusseldorf,
Germany). Blood samples were centrifuged at 3,000 rpm for
15 minutes in order to obtain serum. Serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
total bilirubin, total protein, albumin, blood urea nitrogen
(BUN), and creatinine were measured by FUJI DRI-CHEM
4000i (FujiFilm, Dusseldorf, Germany).

To examine the cellular effect or pathological events, all
mice were sacrificed after blood withdrawal. Organs, includ-
ing brain, heart, lungs, liver, spleen, and kidneys, were
harvested. The organs were fixed in 10% formalin and
subjected to further histopathological examinations by the
Research Center for Animal Medicine, National Chung Hsing
University (Taiwan).

Statistics

The quantitative data were expressed as mean * standard
deviation (SD) for measurements. Statistical analyses
were performed with independent #-test using SPSS 12.0.
Statistical significance was defined as a P-value of <0.05.

Results

Size of synthesized nanoparticles

The size and size distribution of the synthesized nanoparticles
were analyzed by a dynamic light scattering (DLS) particle
size analyzer (Zetasizer NANO-ZS90; Malvern Instruments,
Malvern, Worcestershire, UK). The nanoparticle size was
153.8 nm in average (peak 164.4 nm and width 43.58 nm)
(Figure 1A). TEM images showed that the SiNPs exhibited
a near-spherical shape and dispersed well, with the average
size of 148.18+16.01 nm (Figure 1B).

Passive behaviors and toxic symptoms
Thirty male Balb/C mice were divided into eight groups, each
group consisting of three or four mice. Each group of mice
received different dosages of SiNPs (0, 1, 2.5, 5, 10, 100,
200, and 300 mg/kg) through the tail vein. All mice tolerated
one dose injection of SiNPs from 1 to 300 mg/kg. No mice
showed any passive behavior, such as hypopnea, tremor, and
arching of back, or any symptoms of poisoning, such as loss
of appetite, diarrhea, and vomiting, to various dosages up
to 14 days after treatment. Faintness was noted on the first
day of observation when the mice received >100 mg/kg of
SiNPs, but the symptom did not occur on the following days
(Table 1). All mice survived before they were sacrificed
for histopathological analysis after the observation period
of 14 days. During the experimental period, no significant
difference in body weight change was noted among those
mice (Table 2).

Blood cells

Blood examination was performed 14 days after the mice were
exposed to SiNPs. Increase in total white blood cell (WBC) as
well as the differentiated WBCs was noted in all groups, except
the neutrophils that showed various elevations. Total WBC
was increased most in the 200 mg/kg group when compared
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Notes: (A) DLS size distribution with an average diameter of ~153.8 nm. (B) TEM images showed the SiNPs in near-spherical shape with well dispersibility with an average

diameter of ~148.18 nm.
Abbreviations: DLS, dynamic light scattering; SiNPs, silica nanoparticles.

with the control (Table 3), and increased lymphocytes and
monocytes were responsible for the result. No obvious
difference was noted regarding the red blood cell (RBC)
counts, hemoglobin, and hematocrit (Figure 2A—C). Platelet
decreased in all groups and significantly in the 1, 5, 100, and
300 mg/kg groups (Figure 2D).

Liver and spleen

Serum AST and ALT, which represent the liver cell damage,*
were not elevated significantly (Figure 3A). Total bilirubin,
total protein, and albumin, which represent the liver function,*”
were not different to the control (Figure 3B and C). These
results indicated that SiNPs did not hurt the liver cells.

Table | Passive behaviors and acute symptoms of poisoning after the injection of SiNPs with various dosages

Dosage (mg/kg) Status Hypopnea Tremor Arching of back Loss of appetite Diarrhea and vomiting
0 Good None None None None None
| Good None None None None None
2.5 Good None None None None None
5 Good None None None None None
10 Good None None None None None
100 Faintness® Faintness® None None Faintness® None
200 Faintness® Faintness® Faintness® None Faintness® None
300 Faintness® Faintness® Faintness® None Faintness® None

Note: *Faintness was noted only on the first day of treatment, and the status was good, as well as no passive behaviors or acute symptom of poisoning was noted on the

following days.
Abbreviation: SiNPs, silica nanoparticles.
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Table 2 Body weight changes (%) after the injection of SiNPs with various dosages

Dosage (mg/kg) Day 0 Day 2 Day 4 Day 7 Day 9 Day 11 Day 14
0 10040.0 101.1£1.2 102.31£0.3 102.210.3 104.311.4 105.210.3 105.2£1.5
| 100£0.0 101.5+0.3 102.9+0.7 102.910.9 104.310.6 105.910.9 107.4£1.5
2.5 100£0.0 100.9+0.4 102.5+0.9 103.5+0.6 105.5+0.6 105.2+0.5 106.3+0.9
5 100£0.0 100.9+0.4 102.4+1.1 103.8£1.1 105.0+0.5 105.1+0.3 105.24+0.5
10 10040.0 99.7+£0.9 103.4£1.3 102.8+1.1 103.8%1.4 105.1£0.9 105.0t1.1
100 10040.0 99.7+0.3 99.7+1.0 98.5+1.6 100.0£1.1 101.940.6* 102.210.5
200 100+0.0 99.7+1.3 101.31£0.3 102.71£0.0 103.9£0.3 104.710.3 104.91£0.9
300 100£0.0 99.6£1.0 99.1£1.0 100.7£1.3 101.9£1.0 103.2+1.4 101.6x1.7
Notes: *P<<0.05 when compared with control group, 0 mg/kg. Data are presented as mean % standard deviation.

Abbreviation: SiNPs, silica nanoparticles.

Table 3 White blood cells and differentiation at 14 days after the injection of SiNPs

Dosage WBC Neutrophil Lymphocyte Monocyte Eosinophil Basophil
(mgl/kg) (10%/uL) (10%/uL) (10%/uL) (10%/uL) (10%/uL) (10%/uL)
0 6.29+1.78 1.92+0.70 3.711£0.96 0.34+0.07 0.24+0.14 0.08+0.05
| 8.12+0.61 2.1140.22 5.09+0.24 0.4410.06 0.3520.11 0.13+0.04
25 9.31+£0.46 2.49+0.14 5.53+0.19 0.61+0.07* 0.51+0.08 0.18+0.04
5 7.96x1.16 1.87+0.28 5.11£0.76 0.42+0.07 0.42+0.08 0.15+0.03
10 7.65+1.27 1.70+0.40 5.00+0.72 0.56+0.06 0.29+0.08 0.10+0.04
100 10.36£1.39 2.7840.63 6.271+0.58 0.69+0.14 0.4610.12 0.15+0.04
200 13.4912.51 3.38%1.10 8.57+£1.14* 0.77£0.05* 0.60+0.23 0.18+0.08
300 10.11£1.48 1.95+0.52 6.99+0.68 0.66+0.18 0.39+0.12 0.13£0.03

Notes: *P<<0.05 when compared with control group, 0 mg/kg. Data are presented as mean + standard deviation.
Abbreviation: SiNPs, silica nanoparticles.
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Figure 2 Hemogram of RBCs and PLTs.
Notes: Hemogram at 14 days after the injection of SiNPs: (A) RBC count, (B) Hb, (C) Hct, and (D) PLT count. *P<<0.05 when compared with control group, 0 mg/kg.
Abbreviations: Hb, hemoglobin; Hct, hematocrit; PLT, platelet; RBC, red blood cell; SiNPs, silica nanoparticles.
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Figure 3 Blood biochemistry test and histopathological analysis of liver.

E

Notes: Serum biochemical parameters indicating liver cell damage with (A) AST and ALT, liver function with (B) total protein and albumin and (C) total bilirubin at 14 days
after the injection of SiNPs. Histopathological analysis with H&E staining of liver at (D) 20x and (E) 400x magnifications with mild focal fat deposition (arrow) and mild

glycogen deposition (arrow head).

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; SiNPs, silica nanoparticles.

There was no gross pathological lesion seen in the livers
and in the spleens. However, in the livers, various degrees
of diffuse glycogen infiltration were seen in all groups and
minimal-to-mild focal infiltration of fat was seen in all groups
except the 200 and 300 mg/kg groups under the microscopic
examination, which was thought to be due to nonfasting
status before sacrifice (Figure 3D and E).* No microscopic
abnormality was seen in the spleens.

Kidneys

BUN and creatinine were not increased after the injection of
SiNPs, indicating no kidney dysfunction (Figure 4A and B).*’
No gross lesion was seen within the kidneys. Microscopically,

minimal to mild focal infiltration of mononuclear cells as well
as focal tubular regeneration was seen in all groups except
the 200 mg/kg group (Figure 4C and D).

Heart and lungs

Grossly, no lesions were noted in the hearts and in the lungs.
Under the microscopic examination, mild-to-moderate focal
fibrosis and mild focal fibrotic embolism were seen in some
individual hearts and epicardial mineralization was seen in
all groups but not in the 10 and 200 mg/kg groups (Figure 5).
No pulmonary lesion was seen in all mice except one mouse
in the 1 mg/kg group showing moderate focal inflammation
in lungs (Figure 6).
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Figure 4 Blood biochemistry test and histopathological analysis of kidney.
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Notes: Serum biochemical parameters indicating kidney function with (A) BUN and (B) creatinine. BUN was significantly lower in all treatment groups. Histopathological
analysis with H&E staining of kidney at (C) 20x and (D) 400x magnifications with mild focal monocyte infiltration (arrow) and tubular regeneration (arrow head). *P<<0.05

when compared with control group, 0 mg/kg.
Abbreviation: BUN, blood urea nitrogen.

Figure 5 (Continued)
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Figure 5 Histopathological analysis of heart.

Note: Histopathological analysis with H&E staining of heart at (A) 20x and (B) 400x magnifications with focal fibrotic emboli (arrow), at (C) 20x and (D) 400x magnifications
with focal fibrosis (arrow head), and at (E) 20x and (F) 400x magnifications with epicardial mineral deposition (triangle).

Brain
No gross lesion was seen in the brain. Mild-to-moderate focal
hemorrhage was seen in some brains of all groups, which was
thought to be resulted due to the method of their sacrifices
(Figure 7A and B).* One mouse in the 100 mg/kg group showed
moderate granuloma in cerebral cortex (Figure 7C and D).
These lesions found in the hearts, lungs, and kidneys were
related to aging rather than to adverse effects from SiNPs.
The incidence of the microscopic lesions in the organs is
listed in Table 4.

Discussion

According to the literature, SINPs were considered safe
and biocompatible.®3'324 The lethal dose 50 (LD50) of
single injected 64 and 110 nm SiNPs that have been demon-
strated in ICR mice were 262.45+33.78 and >1,000 mg/kg,
respectively.**** No mice died in our study received a single
injection of 150 nm SiNPs up to 300 mg/kg. Acute toxicity,

even death, was encountered with very large amount of
application of SiNPs, easier in those with a single dose with
larger amount.** In addition, smaller nanoparticles caused
death easier than larger nanoparticles.

According to the result from the in vitro test that lysis
of mice erythrocyte, hemolysis, occurred while those cells
were incubated with SiNPs, the authors supposed that SiNPs
might lead to anemia when administered in vivo.*' Such
condition was not observed in our study as there was no
obvious change with the data about RBCs. Platelet aggrega-
tion was demonstrated by Corbalan et al* applying SiNPs
to isolated human platelets, and they also stated that the
effects on platelet aggregation were inversely proportional
to the nanoparticle size. The effect of SiNPs on platelet
aggregation was noted to be induced through the thrombox-
ane A2-mediated and matrix metalloproteinase-2-mediated
pathways.* In our study, platelet count decreased in those
mice received SiNPs, which was supposed to be compatible

Figure 6 Histopathological analysis of lung.

Note: Histopathological analysis with H&E staining of lung showing moderate focal inflammation (arrow) at (A) 20x and (B) 400x magnifications.
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Figure 7 Histopathological analysis of brain.

Note: Histopathological analysis with H&E staining of brain showing focal hemorrhage in the cortex of cerebellum (arrow) at (A) 20x and (B) 400x magnifications and focal
granuloma in the cortex of the cerebrum (arrow head) at (C) 20x and (D) 400x magnifications.

with the aggregation of platelets. In a cell model utilizing mice
platelets, larger dose of SiNPs aggregated more platelets,*
but dosing effect of the SINPs on platelet aggregation was not
observed in current experiment. The discrepancy may be due
to the difference of in vitro and in vivo, as SiNPs contribute
to system organs following injection in the blood stream,
resulting in a loss of the nanoparticles from the circulation.®

Further studies should be performed to understand if both
conditions, erythrocyte hemolysis and platelet aggregation,
may be caused by the administration of SiNPs. SiNPs of
70 nm had been demonstrated to induce coagulopathy as well
as fatality in Balb/C mice but not larger sizes, including 100,
300, and 1,000 nm;* no such disaster was seen in our mice
that received nanoparticle size of 150 nm.

Table 4 The case number of histopathological lesions of various organs in each group

Organ  Histopathological lesions Dosage (mg/kg)
0(3) 1(4)* 254 5(4)* 10(4* 100(4)* 200(3)* 300 (4)*
Liver Glycogen infiltration, diffuse, mild to moderate 2 4 3 4 4 4 | |
Fat infiltration, focal, minimal to mild | | 2 | | 3 0 0
Spleen No lesion - - - - - - -
Kidneys  Mononuclear cell infiltration, focal, minimal to mild | | 3 3 3 | 0 |
Tubular regeneration, focal, minimal to mild | | 3 3 3 | 0 |
Heart Fibrotic emboli, focal, mild 0 0 0 0 0 0 2 0
Fibrosis, focal, mild to moderate 0 0 0 0 | 0 | 2
Epicardial mineralization, focal, mild to moderate | 3 4 | 0 2 0 |
Lungs Inflammation, focal, moderate 0 | 0 0 0 0 0 0
Brain Hemorrhage, focal, mild to moderate 3 | | 3 2 2 | |
Cortical granulation, focal, moderate 0 0 0 0 0 | 0 0

Note: *The digit inside the parentheses was the number of mice in each group, and all mice were sacrificed at 14 days after injection of SiNPs and blood sampling.

Abbreviation: SiNPs, silica nanoparticles.
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Several studies demonstrated that injected SiNPs
accumulated mainly in liver and spleen, accounting ~75%
of the injected 20-25 nm multimodal organically modified
silica (ORMOSIL) nanoparticles *' or 80% of the injected
rod-shaped mesoporous SiNPs.? Most of these nanoparticles
were excreted via the hepatobiliary system, and ~100% of
the injected ORMOSIL taken up by liver was cleared out
in 15 days.*! However, ~38%—42% of these SiNPs (20 or
80 nm) accumulated in liver and 30%—-37% of that accu-
mulated in spleen remained after 30 days followed by a
single injection to ICR mice.* It is reasonable to consider
that SiNPs may damage the liver and spleen when given
intravenously. Inflammatory cell infiltration was found in
the liver tissue of rats* and mice* when these animals were
injected 15 and 20 nm and 80 nm SiNPs, respectively. After
injection into the blood stream, these substances may diffuse
through the endothelial wall of capillaries into tissues or
may be blocked by the endothelial barrier. Other than larger
molecules, nanoparticles passed through the gaps between
the cells of endothelium.*” Small NPs passed through more
easily than large NPs and, thus, accumulated more in certain
tissues.”® In liver, hepatocytes did not uptake SiNPs, but
the Kupffer cells, macrophage in the liver, endocytosed the
nanoparticles.?? Kupffer cells were activated, and the released
cytokines induced inflammatory responses in liver.3*4¢
However, most of the in vivo studies showed no or minimal
toxicity to these two organs,’ as in our current study.

Most of the in vivo studies investigating the biodistri-
bution of SiNPs found little renal accumulation of such
particles.?31# It is because kidney is not a reticuloendothelial
system (RES) organ, but excretion via kidney was an
important way for the clearance of injected SiNPs from the
body.?** Borak et al® reported that 36% of the introduced
amount would be excreted from urine in rats administered
with 150 nm SiNPs. Another report by He et al*’ stated that
most of the mesoporous SiNPs were excreted in 30 minutes
after an intravenous injection to ICR mice, then the excretion
rate lowered gradually, and a total of up to 54% of these
SiNPs were excreted in urine after 30 days. Usually,
there was no or minimal damage to kidney when SiNPs
were administered in vivo. 404951

It had been reported that SiNPs induced cardiotoxicity
to zebrafish embryo because these particles inhibited angio-
genesis and disturbed heart formation and development;*
neutrophil-mediated cardiac inflammation® was assumed
to be the cause. However, no definite cardiac injury was
noted in the studies****s! of mature mice. Studies investi-
gating the adverse effects about inhalation or intratracheal

instillation with SiNPs had been performed, and pulmonary
inflammation was common.?”**%> As the lung is an RES
organ, SiNPs may be endocytosed by the pulmonary mac-
rophages and accumulation of SiNPs in lungs was noted in
oral,* inhaled, and intravenous?®? administrations. In contrast,
least complication was found in those mice receiving SiNPs
intravascularly.3'32

SiNPs were shown to be able to pass through the blood—
brain barrier of mice when injected into the carotid artery?’
or instillated into the nasal cavities,”® and inflammation of
the brain was proposed in these studies. However, when
administered intravenously, only scanty amount of SiNPs
was deposited in mice brain® and no studies reported brain
damage in the tested animals.3!!

All the histopathological abnormal findings in our study
were nonspecific, and the incidence did not correlate to the
dosage of the SiNPs administered proportionally.

Conclusion

No definite toxic effect was noted in our study. The lesions
seen in those vital organs were not contributed by SiNPs
injected because those lesions might also be seen in mice
received no nanoparticles in this study and were not closely
related to the given amount of nanoparticles. We concluded
that SiNPs of 150 nm diameter were safe to Balb/C mice
when administered intravascularly.

Acknowledgments

The authors acknowledge funding supported by the
National Taipei University of Technology (grant no NTUT-
MMH-102-10), MacKay Memorial Hospital (grant nos
MMH-TT-102-10 and MMH-TT-103-08), and MacKay
Memorial Hospital Hsinchu Branch (grant no MMH-E-102).
They also thank the Research Center for Animal Medicine,
National Chung Hsing University, for their work on the
histopathological study of the mice.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Ma JF. Plant root responses to three abundant soil minerals: silicon,
aluminum and iron. CRC Crit Rev Plant Sci. 2005;24(4):267-281.

2. Jaganathan H, Godin B. Biocompatibility assessment of Si-based nano-
and micro-particles. Adv Drug Deliv Rev. 2012;64(15):1800-1819.

3. Van Dyck K, Van Cauwenbergh R, Robberecht H, Deelstra H. Bioavail-
ability of silicon from food and food supplements. Fresenius J Anal
Chem. 1999;363(5-6):541-544.

4. Braley S. The chemistry and properties of the medical-grade silicones.
J Macromol Sci Chem. 1970;4(3):529-544.

submit your manuscript

3430

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

In vivo toxicologic study of larger SiNPs

5.

11.

12.

20.

21.

22.

23.

24.

25.

26.

217.

Liihrs A-K, Geurtsen W. The application of silicon and silicates in dentistry:
areview. In: Miiller WEG, Grachev MA, editors. Biosilica in Evolution,
Morphogenesis, and Nanobiotechnology. Heidelberg: Springer; 2009:
359-380.

. Halas NJ. Nanoscience under glass: the versatile chemistry of silica

nanostructures. ACS Nano. 2008;2(2):179-183.

. Angelos S, Liong M, Choi E, Zink JI. Mesoporous silicate materials

as substrates for molecular machines and drug delivery. Chem Eng J.
2008;137(1):4-13.

. Bitar A, Ahmad NM, Fessi H, Elaissari A. Silica-based nanoparticles

for biomedical applications. Drug Discov Today. 2012;17(19-20):
1147-1154.

. Tallury P, Payton K, Santra S. Silica-based multimodal/multifunctional

nanoparticles for bioimaging and biosensing applications. Nanomedicine
(Lond). 2008;3(4):579-592.

. Coll C, Mondragon L, Martinez-Manez R, et al. Enzyme-mediated con-

trolled release systems by anchoring peptide sequences on mesoporous
silica supports. Angew Chem Int Ed Engl. 2011;50(9):2138-2140.
Vivero-Escoto JL, Slowing I, Trewyn BG, Lin VS. Mesoporous silica
nanoparticles for intracellular controlled drug delivery. Small. 2010;
6(18):1952-1967.

Chu Z, Huang Y, Tao Q, Li Q. Cellular uptake, evolution, and excre-
tion of silica nanoparticles in human cells. Nanoscale. 2011;3(8):
3291-3299.

. Chopra I. The increasing use of silver-based products as antimicrobial

agents: a useful development or a cause for concern? J Antimicrob
Chemother. 2007;59(4):587-590.

. Paddle-Ledinek JE, Nasa Z, Cleland HJ. Effect of different wound

dressings on cell viability and proliferation. Plast Reconstr Surg. 2006;
117(7 suppl):110S-118S; discussion 9S-20S.

. Ahamed M, Alsalhi MS, Siddiqui MK. Silver nanoparticle applications

and human health. Clin Chim Acta. 2010;411(23-24):1841-1848.

. Liu A, Ye B. Application of gold nanoparticles in biomedical researches

and diagnosis. Clin Lab. 2013;59(1-2):23-36.

. Sopjani M, Foller M, Lang F. Gold stimulates Ca2* entry into and

subsequent suicidal death of erythrocytes. Toxicology. 2008;244(2--3):
271-279.

. Zhang XD, Wu D, Shen X, et al. Size-dependent in vivo toxicity

of PEG-coated gold nanoparticles. /nt J Nanomedicine. 2011;6:
2071-2081.

. Shrivastava R, Kushwaha P, Bhutia YC, Flora S. Oxidative stress fol-

lowing exposure to silver and gold nanoparticles in mice. Toxicol Ind
Health. 2016;32(8):1391-1404.

Fraga S, Brandao A, Soares ME, et al. Short- and long-term distribu-
tion and toxicity of gold nanoparticles in the rat after a single-dose
intravenous administration. Nanomedicine. 2014;10(8):1757-1766.
Pan Y, Neuss S, Leifert A, et al. Size-dependent cytotoxicity of gold
nanoparticles. Small. 2007;3(11):1941-1949.

Wilczewska AZ, Niemirowicz K, Markiewicz KH, Car H. Nanoparticles
as drug delivery systems. Pharmacol Rep. 2012;64(5):1020-1037.
Kusaka T, Nakayama M, Nakamura K, Ishimiya M, Furusawa E,
Ogasawara K. Effect of silica particle size on macrophage inflammatory
responses. PLoS One. 2014;9(3):€92634.

Sohaebuddin SK, Thevenot PT, Baker D, Eaton JW, Tang L. Nanoma-
terial cytotoxicity is composition, size, and cell type dependent. Part
Fibre Toxicol. 2010;7:22.

Sergent JA, Paget V, Chevillard S. Toxicity and genotoxicity of nano-
Si02 on human epithelial intestinal HT-29 cell line. 4nn Occup Hyg.
2012;56(5):622—630.

Chen Z, Meng H, Xing G, et al. Age-related differences in pulmonary
and cardiovascular responses to SiO2 nanoparticle inhalation: nano-
toxicity has susceptible population. Environ Sci Technol. 2008;42(23):
8985-8992.

Lin Z, Ma L, ZG X, Zhang H, Lin B. A comparative study of lung
toxicity in rats induced by three types of nanomaterials. Nanoscale Res
Lett. 2013;8(1):521.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

. LiY, Sun L, Jin M, et al. Size-dependent cytotoxicity of amorphous

silica nanoparticles in human hepatoma HepG2 cells. Toxicol In Vitro.
2011;25(7):1343-1352.

Huang X, Li L, Liu T, et al. The shape effect of mesoporous silica
nanoparticles on biodistribution, clearance, and biocompatibility in vivo.
ACS Nano. 2011;5(7):5390-5399.

LuX, Tian Y, Zhao Q, Jin T, Xiao S, Fan X. Integrated metabonomics
analysis of the size-response relationship of silica nanoparticles-induced
toxicity in mice. Nanotechnology. 2011;22(5):055101.

Kumar R, Roy I, Ohulchanskky TY, et al. In vivo biodistribution and
clearance studies using multimodal organically modified silica nano-
particles. ACS Nano. 2010;4(2):699-708.

Xie G, Sun J, Zhong G, Shi L, Zhang D. Biodistribution and toxicity of
intravenously administered silica nanoparticles in mice. Arch Toxicol.
2010;84(3):183-190.

Liu T, Li L, Teng X, et al. Single and repeated dose toxicity of mes-
oporous hollow silica nanoparticles in intravenously exposed mice.
Biomaterials. 2011;32(6):1657-1668.

YuY, Li Y, Wang W, et al. Acute toxicity of amorphous silica nano-
particles in intravenously exposed ICR mice. PLoS One. 2013;8(4):
e61346.

Pham T, Jackson JB, Halas NJ, Lee TR. Preparation and characterization
of gold nanoshells coated with self-assembled monolayers. Langmuir.
2002;18(12):4915-4920.

Saini A, Maurer T, Lorenzo II, et al. Synthesis and SERS application
of SiO2@Au Nanoparticles. Plasmonics. 2015;10(4):791-796.
Bishop ML, Fody EP, Schoeff LE. Clinical Chemistry: Principles,
Techniques, and Correlations. Philadelphia, PA: Wolters Kluwer
Health; 2013.

Thoolen B, Maronpot RR, Harada T, et al. Proliferative and nonpro-
liferative lesions of the rat and mouse hepatobiliary system. Toxicol
Pathol. 2010;38(7 suppl):5s—81s.

Liu C-H. 4n Atlas and Manual of Histopathological Staining Methods:
Histochemistry. Maoli, Taiwan: Pig Research Institute Taiwan; 1996.
Tanaka T, Godin B, Bhavane R, et al. In vivo evaluation of safety
of nanoporous silicon carriers following single and multiple dose
intravenous administrations in mice. /nt J Pharm. 2010;402(1-2):
190-197.

Nemmar A, Beegam S, Yuvaraju P, Yasin J, Shahin A, Ali BH. Interac-
tion of amorphous silica nanoparticles with erythrocytes in vitro: role
of oxidative stress. Cell Physiol Biochem. 2014;34(2):255-265.
Corbalan JJ, Medina C, Jacoby A, Malinski T, Radomski MW. Amor-
phous silica nanoparticles aggregate human platelets: potential implica-
tions for vascular homeostasis. Int J Nanomedicine. 2012;7:631-639.
Santos-Martinez MJ, Tomaszewski KA, Medina C, Bazou D, Gilmer JF,
Radomski MW. Pharmacological characterization of nanoparticle-
induced platelet microaggregation using quartz crystal microbal-
ance with dissipation: comparison with light aggregometry. /nt J
Nanomedicine. 2015;10:5107-5119.

Nemmar A, Yuvaraju P, Beegam S, et al. In vitro platelet aggregation
and oxidative stress caused by amorphous silica nanoparticles. /nt J
Physiol Pathophysiol Pharmacol. 2015;7(1):27-33.

Nabeshi H, Yoshikawa T, Matsuyama K, et al. Amorphous nano-
silicas induce consumptive coagulopathy after systemic exposure.
Nanotechnology. 2012;23(4):045101.

Chen Q, Xue Y, SunJ. Kupffer cell-mediated hepatic injury induced by
silica nanoparticles in vitro and in vivo. Int J Nanomedicine. 2013;8:
1129-1140.

Li SD, Huang L. Pharmacokinetics and biodistribution of nanoparticles.
Mol Pharm. 2008;5(4):496-504.

Torchilin VP, Lukyanov AN, Gao Z, Papahadjopoulos-Sternberg B.
Immunomicelles: targeted pharmaceutical carriers for poorly soluble
drugs. Proc Natl Acad Sci U S A.2003;100(10):6039-6044.

He Q, Zhang Z, Gao F, Li Y, Shi J. In vivo biodistribution and urinary
excretion of mesoporous silica nanoparticles: effects of particle size
and PEGylation. Small. 2011;7(2):271-280.

International Journal of Nanomedicine 2017:12

submit your manuscript

3431

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Chan et al

Dove

50.

Borak B, Biernat P, Prescha A, Baszczuk A, Pluta J. In vivo study on
the biodistribution of silica particles in the bodies of rats. Adv Clin Exp
Med. 2012;21(1):13-18.

55.

Cho WS, Choi M, Han BS, et al. Inflammatory mediators induced by
intratracheal instillation of ultrafine amorphous silica particles. Toxicol
Lett. 2007;175(1-3):24-33.

51. Nishimori H, Kondoh M, Isoda K, Tsunoda S, Tsutsumi Y, Yagi K. 56. Lee JA, Kim MK, Paek HJ, et al. Tissue distribution and excre-
Histological analysis of 70-nm silica particles-induced chronic toxicity tion kinetics of orally administered silica nanoparticles in rats. /nt J
in mice. Eur J Pharm Biopharm. 2009;72(3):626—629. Nanomedicine. 2014;9(suppl 2):251-260.

52. Duan J, Yu Y, Li Y, Yu Y, Sun Z. Cardiovascular toxicity evalua- 57. Liu D, Lin B, Shao W, Zhu Z, Ji T, Yang C. In vitro and in vivo studies
tion of silica nanoparticles in endothelial cells and zebrafish model. on the transport of PEGylated silica nanoparticles across the blood—brain
Biomaterials. 2013;34(23):5853-5862. barrier. ACS Appl Mater Interfaces. 2014;6(3):2131-2136.

53. Duan J, Yu Y, Li Y, et al. Low-dose exposure of silica nanoparticles 58. WulJ, Wang C, SunJ, Xue Y. Neurotoxicity of silica nanoparticles: brain
induces cardiac dysfunction via neutrophil-mediated inflammation and localization and dopaminergic neurons damage pathways. ACS Nano.
cardiac contraction in zebrafish embryos. Nanotoxicology.2016;10(5): 2011;5(6):4476-4489.

575-585. 59. Decuzzi P, Godin B, Tanaka T, et al. Size and shape effects in the

54. Kaewamatawong T, Kawamura N, Okajima M, Sawada M, Morita T, biodistribution of intravascularly injected particles. J Control Release.
Shimada A. Acute pulmonary toxicity caused by exposure to colloidal 2010;141(3):320-327.
silica: particle size dependent pathological changes in mice. Toxicol
Pathol. 2005;33(7):743-749.

International Journal of Nanomedicine Dove
Publish your work in this journal
The International Journal of Nanomedicine is an international, peer-  Journal Citation Reports/Science Edition, EMBase, Scopus and the
reviewed journal focusing on the application of nanotechnology  Elsevier Bibliographic databases. The manuscript management system
in diagnostics, therapeutics, and drug delivery systems throughout  is completely online and includes a very quick and fair peer-review
the biomedical field. This journal is indexed on PubMed Central, system, which is all easy to use. Visit http://www.dovepress.com/
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, testimonials.php to read real quotes from published authors.
Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal
3432 submit your manuscript International Journal of Nanomedicine 2017:12

Dove


http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 4: 
	Nimber of times reviewed 2: 


