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Abstract: The use of amorphous silica (SiO
2
) in biopharmaceutical and industrial fields can 

lead to human exposure by injection, skin penetration, ingestion, or inhalation. However, 

the in vivo acute toxicity of amorphous SiO
2
 nanoparticles (SiNPs) on multiple organs and 

the mechanisms underlying these effects are not well understood. Presently, we investigated 

the acute (24 hours) effects of intraperitoneally administered 50 nm SiNPs (0.25 mg/kg) on 

systemic toxicity, oxidative stress, inflammation, and DNA damage in the lung, heart, liver, 

kidney, and brain of mice. Lipid peroxidation was significantly increased by SiNPs in the lung, 

liver, kidney, and brain, but was not changed in the heart. Similarly, superoxide dismutase 

and catalase activities were significantly affected by SiNPs in all organs studied. While the 

concentration of tumor necrosis factor α was insignificantly increased in the liver and brain, its 

increase was statistically significant in the lung, heart, and kidney. SiNPs induced a significant 

elevation in pulmonary and renal interleukin 6 and interleukin-1 beta in the lung, liver, and brain. 

Moreover, SiNPs caused a significant increase in DNA damage, assessed by comet assay, in 

all the organs studied. SiNPs caused leukocytosis and increased the plasma activities of lactate 

dehydrogenase, creatine kinase, alanine aminotranferase, and aspartate aminotransferase. These 

results indicate that acute systemic exposure to SiNPs causes oxidative stress, inflammation, 

and DNA damage in several major organs, and highlight the need for thorough evaluation of 

SiNPs before they can be safely used in human beings.

Keywords: amorphous silica nanoparticles, organ toxicity, oxidative stress, inflammation, 

DNA damage

Introduction
Engineered nanomaterials are commonly defined as materials designed and produced 

to have structural features with at least one dimension of #100 nm.1 Engineered 

nanoparticles display features such as small size, large surface area to mass ratio, 

shape, crystallinity, surface charge, reactive surface groups, dissolution rate, state of 

agglomeration, and dispersal that give them properties greatly different from larger 

particles of the same composition.1 In this context, nanoparticles have been demon-

strated to cause greater biological responses and particle-mediated toxicity than larger 

particles per given mass.1

Amorphous silica (SiO
2
) nanoparticles (SiNPs) are nano-sized structures of SiO

2
 

that are used in various areas, such as sunscreen lotions, drug delivery, cosmetics, 

food, and chemical industries entailing human exposure during production or use.2 

These wide applications of SiNPs have prompted several investigators to perform 

in vitro studies on the effect of these nanoparticles in different cell types such as 
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human endothelial cells, erythrocytes, platelets, epithelial 

cell line A549, monocyte-macrophages J774, or co-culture 

models such as alveolar–capillary barrier.3–8 It has been 

shown that SiNPs are internalized by the cells and induce 

their cytotoxicity through the release of reactive oxygen 

species and proinflammatory cytokines, leading to DNA and 

cell membrane damage.3–8

In vivo research examining the potential toxicity of SiNPs 

is essential for acquiring more relevant information about 

human exposure scenarios to nanoparticles. It has been previ-

ously reported that SiNPs could penetrate the skin and enter 

various tissues.9 Even after inhalation, nanoparticles have 

been reported to translocate rapidly to the systemic circula-

tion and reach different organs.10–13 Moreover, with medical 

applications, injected nanoparticles can be distributed by 

the bloodstream and reach various parts of the body.2 Data 

related to the acute toxicity of systemically administered 

SiNPs are scarce. An in vivo study in mice using high intra-

venous (iv) doses (29.5–177.5 mg/kg) of SiNPs reported 

histopathological injury in the lung, liver, and spleen 14 days 

following the exposure.14 We have recently demonstrated that 

intraperitoneal (ip) administration of SiNPs to mice caused 

systemic inflammation and coagulation events and altered 

vascular reactivity 24 hours post administration.15 We have 

now extended these studies to investigate further the effects 

of acute (24 hours) administration of SiNPs on oxidative 

stress, inflammation, and DNA damage in major organs, viz, 

lung, heart, liver, kidney, and brain of mice. Such a study, as 

far as we are aware, has not been reported before.

Materials and methods
ethics statement
This project was reviewed and approved by the Institutional 

Review Board of the College of Medicine and Health Sci-

ences [CMHS], United Arab Emirates University [UAEU], 

and experiments were performed in accordance with proto-

cols approved by the Institutional Animal Care and Research 

Advisory Committee. All surgeries were performed under 

sodium pentobarbital, and all efforts were made to minimize 

suffering.

amorphous siO2 nanoparticles
Amorphous siNPs (50 nm) were purchased from Poly-

sciences, Inc. (Warrington, PA, USA). The structure of the 

particles and their shape, size, and charge have recently been 

reported.6,16

To confirm their size, we performed transmission 

electron microscopic analysis. Thus, droplets (10 µL) of a 

suspension of 0.1 mg of SiNPs in 500 µL were placed on 

matured formvar/carbon film for 30 seconds. The samples 

were then drained and inverted onto droplets of ultrapure 

water for 1 hour before being drained, dried, and examined 

in a Philips CM10 transmission electron microscope (Philips, 

Eindhoven, the Netherlands).

animals and ip administration of 
amorphous siNPs
SiNPs were suspended in normal saline (NaCl 0.9%) contain-

ing Tween 80 (0.01%). To minimize aggregation, particle 

suspensions were always sonicated (Clifton Ultrasonic Bath, 

Clifton, NJ, USA) for 15 minutes and vortexed before their 

dilution and prior to ip administration.

Male Tuck-Ordinary mice (obtained from our CMHS animal 

house, UAEU, UAE), weighing 28±4 g, were housed in light 

(12-hour light:12-hour dark cycle) and temperature-controlled 

(22°C±1°C) rooms. The animals had free access to normal 

commercial laboratory chow and tap water ad libitum.

Blood collection and analysis
Twenty-four hours after the ip administration of either saline 

or SiNPs (0.25 mg/kg), in a volume of 150 µL, the animals 

were anesthetized ip with sodium pentobarbital (45 mg/kg), 

and blood was drawn from the inferior vena cava in ethyl-

enediaminetetraacetic acid (EDTA; 4%). A sample was used 

for leukocytes counting using an ABX Vet ABC hematology 

analyzer with a mouse card (ABX Diagnostics, Montpellier, 

France). The remaining blood was centrifuged at 4°C for 

15 minutes at 3,000 rpm, and the plasma samples were stored 

at −80°C until further analysis of the activities of lactate dehy-

drogenase (LDH), creatine kinase (CK), alanine aminotran-

ferease (ALT), and aspartate aminotransferase (AST); urea 

and creatinine were measured by standard laboratory methods 

using commercially available kits (Hoffman-La Roche Ltd., 

Basel, Switzerland) and a LX20 multiple automated analyzer 

(Beckman Coulter, Brea, CA, USA).

Measurement of interleukin 6, 
interleukin-1 beta, and tumor necrosis 
factor α in tissues
Following blood collection, animals were sacrificed by an 

overdose of sodium pentobarbital and their lung, heart, liver, 

kidney, and whole brain were quickly collected and rinsed 

with ice-cold phosphate-buffered saline (pH 7.4) before 

homogenization in 50 mM Tris buffer containing 400 mM 

NaCl and 0.5% Triton X-100 at 4°C.17 The homogenates 

were centrifuged at 14,000 rpm for 15 minutes at 4°C to 
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remove cellular debris, and the supernatants were used for 

further analysis. Protein content in each organ was measured 

by Bradford’s method, as described earlier.18,19 The concen-

trations of interleukin 6 (IL-6), interleukin-1 beta (IL-1β), 

and tumor necrosis factor α (TNFα) in the tissues were 

determined using ELISA kits (Duo Set; R&D Systems, Inc., 

Minneapolis, MN, USA).

Measurement of tissue lipid peroxidation, 
superoxide dismutase, and catalase
In separate animals, organs were collected as described earlier 

before homogenization in 0.1 M phosphate buffer, pH 7.4, 

containing 0.15 M KCl, 0.1 mM EDTA, 1 mM dithiothre-

itol, and 0.1 mM phenylmethylsulfonyl fluoride at 4°C. The 

homogenates were centrifuged at 14,000 rpm for 20 minutes 

at 4°C, and protein was measured as reported earlier.18–20

Reduced nicotinamide adenine dinucleotide phosphate-

dependent membrane lipid peroxidation (LPO) was measured 

as thiobarbituric acid reactive substance using malondialde-

hyde as standard (Sigma-Aldrich Co., St Louis, MO, USA).18,19 

Superoxide dismutase (SOD) activity was measured as the 

conversion of nitroblue tetrazolium (NBT) to NBT-diformazan 

according to the vendor’s protocol (R&D Systems, Inc.). The 

extent of reduction in the appearance of NBT-formazan was 

used as a measure of SOD activity present in each organ.18–20 

Catalase (CAT) activity was measured using a commercially 

available kit (Cayman Chemical, Ann Arbor, MI, USA).

DNA damage assessment by comet assay
Immediately after sacrifice, the lung, heart, liver, kidney, 

and brain were removed from each animal. Single-cell sus-

pensions of the different lungs, hearts, livers, kidneys, and 

brains were obtained according to the method described 

by de Souza et al.21 Each collected organ was washed in a 

chilled medium (Roswell Park Memorial Institute medium 

1640, 15% dimethyl sulfoxide [DMSO], 1.8% (w/v) NaCl). 

The lung, heart, liver, kidney, and brain tissues were placed 

in 1.5 mL medium and chopped finely into pieces in a Petri 

dish using scissors. The pieces were allowed to settle, and 

the supernatant was collected in a 15 mL tube. The obtained 

cell suspension was centrifuged at 1,000 rpm for 5 minutes 

at 4°C. The supernatant was discarded, and the pellets were 

resuspended in 0.5 mL of the medium. The cell suspensions 

were mixed with low melting point agarose solution (0.65%) 

and spread onto agarose (1.5%)-precoated microscope slides. 

For each treatment, five slides were prepared, which were 

incubated in ice-cold lysis buffer (2.5 M NaCl, 10 mM Tris, 

100 mM EDTA, 1% Triton X-100, and 10% DMSO) at 4°C 

for at least 1 hour to remove the cell membranes. After the 

incubation, the slides were placed in a horizontal electro-

phoresis unit and incubated in electrophoresis buffer (0.2 M 

EDTA, 5 M NaCl, pH 10) for 20 minutes for DNA unwinding 

and the expression of alkali labile sites. Then, electrophoresis 

was conducted for 20 minutes at 25 V and 300 mA. After that, 

the slides were neutralized with Tris buffer (0.4 M Trizma 

base, pH 7.5) for 5 minutes and washed with methanol. Then 

the slides were stained with propidium iodide, as previously 

described.22 All these steps were performed in darkness to 

prevent additional DNA damage. The slides were mounted 

on a fluorescent microscope, and cell scoring was performed. 

Fifty cells from each treatment were scored and analyzed for 

DNA migration, and the average of the five slides from each 

group was calculated. The measurement of length of the DNA 

migration (ie, diameter of the nucleus plus migrated DNA) 

was calculated using image analysis AxioVision 3.1 software 

(Carl Zeiss Meditec AG, Jena, Germany).23

statistics
All statistical analyses were performed with GraphPad Prism 

software Version 5 (GraphPad, San Diego, CA, USA). To 

determine whether parameters were normally distributed, 

the D’Agostino and Pearson normality test was applied. 

Normally distributed data were analyzed using the unpaired 

t-test for differences between groups. Nonnormally distrib-

uted data (ALT, AST, DNA migration [lung heart, liver, and 

kidney], LPO [liver, kidney, and brain], SOD [lung, liver, and 

brain], CAT [liver and brain], and TNFα [heart and kidney] 

and IL-6 [lung]) were analyzed using the Mann–Whitney 

test for differences between groups. All the data in figures 

are reported as mean ± standard error of the mean (SEM). 

P-values ,0.05 are considered significant.

Results
Transmission electron microscopy 
analysis of SiNPs
Transmission electron microscopy of the SiNPs revealed a 

particle size of ~50 nm (Figure 1). This confirms the size 

provided by the manufacturer.

Effect of SiNPs on circulating leukocyte 
numbers and plasma LDH and CK
Figure 2A illustrates that acute exposure to SiNPs caused 

a significant increase (P,0.05) in circulating leukocytes 

compared with the control group.

The plasma concentration of LDH, suggestive of 

cytolysis, was significantly increased (P,0.0001) following 
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effect of siNPs on plasma levels of alT, 
asT, urea, and creatinine
Figure 3 illustrates the effect of SiNPs on the activities of 

ALT and AST. Compared with the control group, acute 

ip administration of SiNP induced a significant increase 

(P,0.01) in ALT activity (Figure 3A). Likewise, the AST 

was significantly augmented (P,0.005) in SiNPs-treated 

mice compared with the saline-treated group (Figure 3B).

The concentration of urea in the control group 

(7.02±1.0 mmol/L; n=8) was not significantly different from 

that observed in the SiNPs-treated ones (7.3±1.6 mmol/L; 

n=8; P.0.05). Likewise, the creatinine level in the control 

group (14.9±2.2 µmol/L; n=8) was not significantly different 

from that observed in the SiNPs group (16.1±2.9 µmol/L; 

n=8; P.0.05).

effect of siNPs on lPO concentration, 
and SOD and CAT activities in the lung, 
heart, liver, kidney, and brain
SiNPs induced a significant increase in LPO levels in the 

lung (P,0.0001), liver (P,0.005), kidney (P,0.005), and 

brain (P,0.01) compared with the control group. However, 

the concentration of LPO in the heart was not affected by 

SiNPs (Table 1).

Figure 1 Electron micrograph of suspension of amorphous silica nanoparticles.

Figure 2 Circulating leukocyte numbers (A) and plasma activities of LDH (B) and CK (C) 24 hours after the administration of amorphous SiNPs (0.25 mg/kg) in mice 
(n=7–8).
Abbreviations: LDH, lactate dehydrogenase; CK, creatine kinase; SiNPs, silica nanoparticles.

administration of SiNPs compared with the control group 

(Figure 2B).

Compared with the control group, the administration of 

SiNPs caused a significant increase (P,0.0001) in the plasma 

CK activity (Figure 2C).
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Compared with saline-treated mice, administration of 

SiNPs caused a significant increase in SOD activity in the 

lung (P,0.01), heart (P,0.001), liver (P,0.01), kidney 

(P,0.0001), and brain (P,0.01; Table 1).

Administration of SiNPs induced a significant decrease 

in CAT activity in the lung (P,0.05). However, a sig-

nificant increase in CAT activity was observed in the heart 

(P,0.005), liver (P,0.005), kidney (P,0.0001), and brain 

(P,0.01) following the exposure to SiNPs (Table 1).

effect of siNPs on TNFα, IL-6, and IL-1β 
concentrations in the lung, heart, liver, 
kidney, and brain
Table 2 shows the concentrations of proinflammatory cytok-

ines in the lung, heart, liver, kidney, and brain.

Compared with saline-treated mice, ip administration of 

SiNPs induced a significant increase in TNFα concentra-

tion in the lung (P,0.0001), heart (P,0.01), and kidney 

(P,0.01). However, the increase in TNFα concentration 

in the liver and brain did not reach statistical significance 

(Table 2).

Administration of SiNPs induced a significant increase in 

IL-6 in the lung (P,0.005) and kidney (P,0.0001) compared 

with the control group. IL-6 concentration insignificantly 

increased in the heart, liver, and brain (Table 2).

The concentration of IL-1β was significantly increased in 

the lung (P,0.0001), liver (P,0.005), and brain (P,0.05) 

of SiNPs-treated mice compared with the saline-treated ones. 

However, no increase was observed in the heart and kidney 

by the administration of SiNPs (Table 2).

Effect of SiNPs on DNA damage in the 
lung, heart, liver, kidney, and brain
Figure 4 shows that compared with the control group, the 

ip injection of SiNPs caused a significant increase in DNA 

migration in the lung (P,0.05), heart (P,0.01), liver 

(P,0.05), kidney (P,0.05), and brain (P=0.0005).

Discussion
In this study, we have shown that acute (24 hours) ip adminis-

tration of SiNPs caused an increase in circulating leukocytes, 

LDH, CK, and liver enzymes AST and ALT. Moreover, we 

have reported the occurrence of inflammation, oxidative 

stress, and DNA damage in several major organs, including 

lung, heart, liver, kidney, and brain, following the acute 

systemic administration of SiNPs.

We investigated the acute toxicity of systemically admin-

istered amorphous SiNPs. Acute toxicity studies provide 

specific information on the initial changes in various organs 

following exposure to SiNPs, which may constitute the 

Figure 3 ALT (A) and AST (B) levels 24 hours after the administration of amorphous SiNPs (0.25 mg/kg) in mice (n=8).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; SiNPs, silica nanoparticles.

Table 1 Effect of amorphous SiNPs on concentrations of LPO and activities of SOD and CAT in various organs, including the lung, 
heart, liver, kidney, and brain

Markers of oxidative stress Lung Heart Liver Kidney Brain

Saline SiNPs Saline SiNPs Saline SiNPs Saline SiNPs Saline SiNPs

LPO (µM/mg of protein) 7±0.3 13±0.4a 4±0.2 4±0.5 4±0.2 7±0.9b 3±0.05 6±0.2b 2±0.1 5±0.5c

SOD (U/mg of protein) 23±0.3 42±2c 13±1 22±0.8d 62±0.9 170±20c 52±2 89±1a 27±1 111±6b

CAT (nmol/mg of protein/min) 98±4 85±3e 30±1 37±1b 984±60 1,590±10c 496±14 722±21a 13±0.9 45±7c

Note: aP,0.0001, bP,0.005, cP,0.01, dP,0.001, and eP,0.05 compared with the saline-treated group. Data are presented as mean ± SEM.
Abbreviations: SiNPs, silica nanoparticles; LPO, lipid peroxidation; SOD, superoxide dismutase; CAT, catalase; SEM, standard error of the mean.
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Table 2 effect of amorphous siNPs on concentrations of TNFα, IL-6, and IL-1β in various organs, including the lung, heart, liver, 
kidney, and brain

Markers of 
inflammation

Lung Heart Liver Kidney Brain

Saline SiNPs Saline SiNPs Saline SiNPs Saline SiNPs Saline SiNPs

TNFα (pg/mg of protein) 341±27 911±62a 60±8 208±28b 31,116±3,902 50,318±9,255 4,540±805 46,972±9,124b 159±11 231±49
IL-6 (pg/mg of protein) 17±0.5 46±2c 6±0.4 7±0.3 47±3 50±3 53±5 105±5a 13±3 16±3
IL-1β (pg/mg of protein) 9±1 59±2a 260±15 256±19 40±3 73±7c 49±2 55±8 293±11 529±125d

Notes: aP,0.0001, bP,0.01, cP,0.005, and dP,0.05 compared with the saline-treated group. Data are presented as mean ± SEM.
Abbreviations: SiNPs, silica nanoparticles; TNFα, tumor necrosis factor α; IL-6, interleukin 6; IL-1β, interleukin-1beta; SEM, standard error of the mean.

Figure 4 (Continued)
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underlying causal chain of reactions leading to the ultimate 

chronic effects of these nanoparticles. In order to imitate the 

effect of injected nanoparticles as it may occur in medical 

applications, SiNPs were administered ip.2,15 Moreover, even 

after inhalation, ingestion, or skin application, nanoparticles 

can penetrate into the systemic circulation and reach vari-

ous organs.2,10,12,13 Previous studies assessed the toxicity of 

SiNPs given intravenously using very high doses of nano-

particles (29.5–177.5 mg/kg14 and 10–30 mg/kg).24 Here, we 

used a lower dose of SiNPs, ie, 0.25 mg/kg, which would 

correspond to a dose of 7 µg SiNPs for a mouse of 28 g. The 

approximate blood volume of a mouse is 80 µL/g, and for a 

28 g mouse, this is equivalent to 2.2 mL. Assuming that 100% 

of the injected dose would reach the blood, a concentration 

of 3.2 µg SiNPs/mL would reach the plasma. Regarding a 

human exposure scenario (eg, nanomedicine), pharmacoki-

netic data related to the liposome-encapsulated doxorubicin 

nanoparticles, used in cancer therapy, established plasma 

concentrations of .10 µg/mL.25

Our data show that acute exposure to SiNPs caused 

leukocytosis and increased plasma activities of LDH and 

CK. Several studies have reported an increase in leukocyte 

numbers following exposure to particulate air pollution and 

engineered nanoparticles.26–28 Along with the leukocytosis, 

we found an increase in plasma activities of LDH and CK. 

Increase in LDH activity is suggestive of cytolysis. CK was 

also increased in SiNPs-treated mice. CK is an intracellular 

enzyme present in striated and smooth muscles and in the 

brain; it is an important enzyme regulator of high-energy 

phosphate production and utilization in contractile tissues, 

and is considered a marker of muscle damage.29 Both LDH 

and CK were reported to increase following exposure to 

nanoparticles.7,8,15,30 Moreover, the increase in ALT and AST 

shows that SiNPs cause hepatotoxicity. This finding indicates 

that the liver is a potential target organ for SiNPs. It has been 

previously reported that plain SiNPs induce hepatotoxicity 

in mice and that surface amino or carboxyl modification 

mitigated the liver toxicity of plain-surface SiNPs.31

A recent study demonstrated that iv injection of 

fluorophore-conjugated and radiolabeled amorphous SiNPs 

(20–25 nm) in mice caused accumulation of nanoparticles in 

various organs, including liver, kidney, lung, heart, stomach, 

and spleen.32 Moreover, SiO
2
-coated magnetic nanoparticles 

containing rhodamine B isothiocyanate within an SiO
2
 shell 

Figure 4 Effect of SiNPs on DNA migration in various organs.
Notes: DNA migration in the lung (A), heart (B), liver (C), kidney (D), and brain (E) tissues 24 hours after the administration of amorphous SiNPs (0.25 mg/kg) in mice. 
Data are mean ± SEM (n=5). Images illustrate the quantification of the DNA migration by the comet assay under alkaline conditions in the lung (F), heart (G), liver (H), kidney 
(I), and brain (J) tissues. The magnification in F–J is 20×.
Abbreviations: SiNPs, silica nanoparticles; SEM, standard error of the mean.

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

926

Nemmar et al

(50 nm) were found in the brain following ip injection in 

mice.33 Inspired by the observations that leukocyte numbers, 

LDH, CK, AST, and ALT were increased by administration 

of SiNPs, and because systemically administered nano-

particles can reach various organs, we wanted to verify 

whether and to what extent these nanoparticles can induce 

inflammation, oxidative stress, and DNA damage in major 

organs, including the lung, heart, liver, kidney, and brain. 

Such an approach would provide insight into the mechanisms 

underlying SiNPs-induced toxicity.

Oxidative stress results from an imbalance between 

radical-generating and radical-scavenging systems, leading 

to cell membrane impairment or DNA damage.34 To further 

evaluate the mechanism underlying the toxicity of SiNPs, 

we measured the degree of oxidative stress by determining 

LPO levels in lung, heart, liver, kidney, and brain. Our data 

show that exposure to SiNPs causes a significant increase in 

LPO in the lung, liver, kidney, and brain, but not the heart. 

Moreover, we have also measured the activities of two 

antioxidant enzymes (SOD and CAT). Our data show that 

SOD activity was significantly increased in all the studied 

organs. CAT activity was significantly decreased in the lung, 

but was significantly augmented in the heart, liver, kidney, 

and brain. An increase in antioxidants suggests that the rise 

in oxidative stress induced by SiNPs was accompanied by 

an increase in the activity of SOD and CAT, indicating that 

the development of oxidative stress is accompanied by an 

adaptive response that counterbalances the potentially dam-

aging activity of oxygen free radicals by antioxidant defense 

mechanisms.35,36 However, the decrease in CAT observed in 

the lung suggests its consumption during the breakdown of 

free radicals.20 While several studies reported the occurrence 

of oxidative stress following exposure to SiNPs in vitro using 

erythrocytes, platelets, human endothelial cells, epithelial cell 

line A549, monocyte-macrophages J774, or co-culture models 

such as alveolar–capillary barrier,3–8 little is known about the 

occurrence of oxidative stress in various organs following sys-

temic administration. The majority of the studies focused on 

histological, cytological, and serum markers of organ injury.2 

Therefore, our findings are novel and provide insight into the 

mechanisms related to SiNPs-induced organ toxicity.

Our data also show that administration of SiNPs caused 

a significant increase in the concentrations of TNFα in the 

lung, heart, and kidney; IL-6 in the lung and kidney; and 

IL-1β in the lung, liver, and brain. Although the release 

of proinflammatory cytokines differed among the studied 

organs, at least one or more proinflammatory cytokines 

increased in each studied organ, indicating the occurrence 

of inflammation following administration of SiNPs. While 

the quantification of proinflammatory cytokines in vari-

ous organs after systemic administration of SiNPs has not 

been reported, it has been shown that ip administration of 

SiNPs (50 nm) causes an increase in IL-1β and TNFα in the 

plasma.15,37 Also, an increase in IL-1β and TNFα has been 

reported in RAW 264.7 cells derived from mouse peritoneal 

macrophages that were exposed to SiNPs (average primary 

size 12 nm).37 In the same study, it was also shown that mice 

treated with a single dose of SiNPs (ip; 50 mg/kg) induced 

the activation of peritoneal macrophages, increased blood 

level of IL-1β and TNFα, and increased the level of nitric 

oxide released from peritoneal macrophages.37 Furthermore, a 

significant increase in TNFα and IL-6 has been reported in the 

bronchoalveolar lavage of rats exposed to SiNPs (5 mg/kg) 

by intratracheal instillation.38

For evaluating genetic damage, gel electrophoresis of a 

single cell (comet assay) was used to assess DNA damage in 

the lung, heart, liver, kidney, and brain following administra-

tion of SiNPs. Our data show the presence of DNA damage in 

all the studied organs 24 hours after the ip administration of a 

relatively low dose of SiNPs, ie, 0.25 mg/kg, in mice. These 

observations indicate that SiNPs induced DNA damage by pro-

moting a milieu of oxidative stress and inflammation. It has been 

proposed that particulate-mediated DNA oxidation damage 

could originate from oxidative stress and/or inflammation.34 The 

literature regarding the genotoxic effects of amorphous SiNPs 

is conflicting. Using a much higher dose of SiNPs (50 mg/kg; 

15 nm) injected intravenously in rats, Downs et al reported the 

presence of DNA damage in liver, lung tissue, and white blood 

cells at 48, 24, and 4 hours time points.39 However, a recent 

study performed in rats reported no DNA damage after iv 

administration of cumulative doses of 15, 30, and 60 mg/kg of 

SiNPs (24 nm) 48, 24, and 4 hours before sacrifice.40 Additional 

studies are needed to address these discrepancies.

Conclusion
We conclude that acute systemic exposure to SiNPs causes 

oxidative stress, inflammation, and DNA damage in multiple 

major organs, including the lung, heart, liver, and brain, and 

highlights the need for exhaustive appraisal of SiNPs before 

they can be used in human beings.
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