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Abstract
Silica nanoparticles (SiO2 NPs) are widely used commercially; however, their potential toxicity on human health has attracted 
particular attention. In the present study, the intranasal toxicological effect of 10nm and 80nm SiO2 NPs (dosed at 150µg 
for 90 days) on rats was investigated using conventional approaches and metabonomics analysis of serum. Oxidative stress 
was measured by assessing Lipid peroxide (LPO) levels and enzymatic activities of Superoxide dismutase (SOD), Catalase 
(CAT), and Glutathione (GSH) levels in liver tissue homogenate. These biochemical observations were supplemented by 
histological examination of liver sections. SiO2 NPs enhanced lipid peroxidation with concomitant reduction in SOD, CAT, 
and GSH content. In addition, SiO2 NPs also produced alterations in hepatic histopathology. We also evaluated the effect of 
SiO2 NPs on the activities of hepatic enzymes such as aminotransferases (ALT/AST) and alkaline phosphatase (ALP) which 
revealed significant increase in their activity when compared with control. Metabonomic profile of 90 days SiO2 NPs treated 
rat sera exhibited significant increase in lactate, alanine, acetate, creatine and choline coupled with a considerable decrease 
in glucose level. These perturbations, on the whole, implicate impairment in tricarboxylic acid cycle and liver metabolism, 
which suggests that silica nanoparticles may have a potential to induce hepatotoxicity in rats.
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INTRODUCTION

The recent development of technology for reducing ma-
terial size has provided innovative nanomaterials. While 
unique physicochemical properties of nanomaterials such 
as size, surface area, chemical composition, solubility, 
shape, aggregation state, etc., may enhance their biolo-
gical reactivity, however, the properties that make nano-
materials attractive for commercial and medical use may 
also enhance their toxicity as materials that are inert in 
bulk form may be toxic in nano-size forms. It is thus es-
sential to probe the potential toxicity imposed on human 
health, by nanomaterials (39, 30, 35, 12). To date, among 
the physicochemical properties of nanomaterials, particle 
size plays an important role in interactions with biological 
systems, gaining increasing attention from nanotoxicolo-
gy researchers (13). Particle size can influence the interac-
tion of nanomaterials with the biological components of 
cells through the effects of the surface area (37, 2, 15, 27). 
Moreover, size dependent distribution of nanoparticles in 
the body has been studied (8, 17, 5) which indicates that 
size is an important physiochemical property of nanoma-
terials which governs where and how the body react to 
the particles. For example, nanoparticles can easily enter 
tissues, and cross cell membranes, allowing them to harm 
the biological system (12, 10). But the correct matrix of 
relationship between particle size and biological response 
remains largely unclear, because some studies show that 
nano-sized particles cannot be generalized as always being 
more toxic than micro-sized particles (19). 

Silica (SiO2) nanoparticles, are one of the most widely 
used nanomaterials developed for a broad spectrum of 

biomedical and biotechnological applications (48, 18, 9, 
38) such as biosensors for DNA (48), cancer therapy (18) 
gene delivery and drug delivery (9, 39, 4) etc. It has been 
reported that SiO2 nanoparticles cause inflammatory res-
ponses (3, 6), hepatotoxicity (34, 24), neurotoxicity (7, 46) 
as well as fibrosis, and their tissue distribution and excre-
tion differ depending on particle size (20). While on one 
hand Nishimori et. al. reported increased serum markers of 
liver injury on administration of nanotized silica particles 
(34), Cho et. al. demonstrated that submicron-sized silica 
particles with a diameter of 100 or 200 nm significantly 
increased the incidence and severity of liver inflammation, 
whereas the effects of nano-sized particles with a diameter 
of 50 nm were non-significant (5). One important thing is 
that these studies were based on intravenously administe-
red silica particles, but the influence of inhalation of silica 
nanoparticles on hepatic system has not been investiga-
ted till date. While inhalation exposure to quartz, mineral 
dust particles and asbestos has been widely investigated to 
induce inflammation, fibrosis and cytotoxicity in the lung 
(35), the influence of inhalation exposure on hepatic sys-
tem is not well documented. Knowing that inhaled nano-
particles do not locally remain in the lung but are also dis-
tributed to distant organs, such as the liver, kidney, brain 
and heart etc. through blood flow (20, 43, 31, 32), hence, 
the systemic effects of nanomaterials on various organs 
would be indispensable. 

The present study was carried out to investigate the ef-
fect of intra-nasal exposure of silica nanoparticles on rat 
hepatic system. We have also applied NMR based metabo-
nomics approach to investigate the metabolic profile of ex-
posed rat serum, together with serum biochemistry, histo-
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pathology examinations and antioxidant enzymes activity.

MATERIALS AND METHODS 

Silica nanoparticles and their characterization
 Two sizes, 10nm and 80nm,of silica nanoparticles 

(SiO2) were purchased from Nano Amor (Nanostructured 
& Amorphous MaterialsInc.,Houston,TX,USA, www.na-
noamor.com). The detailed characteristics provided by the 
supplier are given in Table 1. These silica nanoparticles 
contained very little amount of trace metals. For example 
silica10nm and silica 80nm contained iron <0.001% and 
0.00002%, respectively. Furthermore, the size of SiO2 was 
confirmed using transmission electron microscopy (TEM) 
(figure 1). 

Figure 1. TEM image of the (a) 10nm (b) 80nm silica nanoparticles.

Animal handling and dosing
18 young male Wistar rats (weight range, 200± 20 g) 

were obtained from Indian Institute of  Toxicology Re-
search, Lucknow, India and were acclimatized. Rats were 
housed individually in metabolic cages in a well-ventilated 
room under controlled conditions (Temperature, humidity, 
and a 12-h light-dark Cycle). Food and tap water were 
provided ad labium.  All animal experiments were carried 
out in accordance with the guidelines established by the 
Association for Assessment and Accreditation of Labora-
tory Animal Care (AAALAC). After seven days of accli-
matization, rats were randomly assigned into three groups 
with 6 rats in each group; group 1 was control group and 
while group 2 and 3 were experimental groups, treated 
with 10nm and 80nm SiO2 nanoparticles, respectively. We 
prepared SiO2 (10nm and 80nm) suspension using physio-
logical saline solution at concentration of 150µg/50µl, and 
50µl of nanoparticles suspension intranasally instillation 
into both nostrils of rats for 90 days. Before instillation, 
nanoparticles suspension was sonicated to minimize the 
agglomeration. Control rats were treated with equivalent 
volume of physiological saline to minimize the time-de-
pendent changes. 

Sample collection
Blood samples (2mL) were obtained by venipuncture 

aseptically after 90 days of treatment. Immediately after 
the collection, an aliquot of blood was placed in a sterile 
stoppered test tube and was allowed to coagulate for 30 
min and centrifuged at 3000 rpm for 5min at 4◦C to sepa-
rate the sera. Serum samples were stored at −80◦C until 
analysed. Serum sample were used for clinical enzyme and 
serum metabolites analysis. Liver samples were collected 
and used for assessment of enzymatic activity and Histo-
pathological analysis.

Histological analysis
The liver tissue were removed and fixed with 4% para-

formaldehyde. Thin sections of tissue were prepared using 
microtome which were then stained with hematoxylin and 
eosin for histological observation.

Clinical Enzymes
Serum alkaline phosphatase (ALP), aspartate amino-

transferases (AST) and alanine aminotransferases (ALT), 
were measured by an automated biochemical analyzer 
(Chemwell Biochemistry Autoanalyzer,USA).

Nuclear Magnetic Resonance Experiments
1H NMR spectra for all serum were obtained on a 800 

MHz spectrometer (Bruker, India Pvt Ltd) using 5-mm 
broad band inverse probe head at 300 K. Serum  samples 
(500 μL each) were taken in 5-mm NMR tubes, a sealed 
coaxial capillary tube containing 0.375% trimethyl silyl 
propionic acid sodium salt-d4 (TSP) in 35 μL deuterium 
oxide and were inserted into the NMR tube before obtai-
ning the NMR spectra. TSP served as a chemical shift 
reference as well as the standard signal for absolute quan-
titative estimation of the metabolites, whereas deuterium 
oxide served as solvent for “field-frequency locking.” 
One-dimensional 1H NMR spectra were obtained for the 
samples using one-pulse sequence with suppression of wa-
ter resonance by presaturation. For all the serum samples, 
additional one-dimensional 1H NMR spectra were also 
obtained using Carr–Purcell– Meiboom–Gill (CPMG) 
pulse sequence with suppression of water resonance by 
presaturation to remove the broad resonances arising from 
macromolecules. The typical parameters used were spec-
tral width: 8000 Hz; time domain points: 32K; relaxation 
delay: 5 s; pulse angle: 90◦; number of scans: 64; spectrum 
size: 32 K and line broadening: 0.3 Hz. For CPMG experi-
ment total echo time of 0.64 ms with 420 echoes was used. 
The concentrations of metabolites were obtained using the 

Nanoparticle 
products IDs

Nanoparticle 
size

Chemical 
formulae Purity(%) SSAb (m2/g) Color Morphology

4850MR 10nm(ASP)2 SiO2, amorphous 99.5 640 White Spherical,porous

4830 HT 80nm(APS) SiO2, amorphous 99.0 440 White Spherical

Table 1. Representing average particle size and specific surface area (Data provided by manufacturer).

Data provided by manufacturer. Note: The purity of nanoparticles.
2 Average particle size
bSpecific surface area measured by BET(Brunauer-Emmett-Edward)
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integral area of respective metabolite marker signal with 
reference to the integral area of TSP in CPMG spectra (45).

Biochemical analysis
Homogenate preparation

After 90 days of SiO2 nanoparticles administration rats 
were sacrificed; their liver were removed and weighed 
individually for biochemical analysis. Ten percent (w/v) 
homogenate of the liver tissue was prepared by of York’s 
homogenizer fitted with Teflon plunger in 0.1 M phosphate 
buffer (pH 7.1). The whole homogenate was first centri-
fuged at 2500 ×g for 10 min in a refrigerated centrifuge. 
The pellet consisting of nuclear fraction and cell debris 
was discarded. The supernatant was further centrifuged 
at 11,000 ×g for 15 min and mitochondrial fraction was 
separated. The clear supernatant was further centrifuged at 
105,000 ×g for 90 min and the resultant supernatant was 
used for determining enzyme activities.

Measurement of protein oxidation and lipid peroxidation 
The protein content was measured by the method of 

Lowry et al. (26) using bovine serum albumin (BSA) as 
standard. The lipid peroxide (LPx) levels were measured 
by the method of Ohkawa et al. (36). The thiobarbituric 
acid reacting substances (TBARS) of the sample were esti-
mated spectrophotometrically at 532nm and expressed as 
nmol  of MDA/ g tissue .

Measurement of superoxide dismutase activity
An aliquot of liver homogenate was used for the assay of 

enzymatic antioxidants. The superoxide dismutase (SOD 
EC 1: 15.1.1) activity was determined from its ability to 
inhibit the reduction of NBT in presence of PMS accor-
ding to the method of McCord and Fridovich (29). The 
reaction was monitored spectrophotometrically at 560 nm. 
The SOD activity was expressed as U/mg protein (1 U is 
the amount of enzyme that inhibit the reduction of NBT by 

one half in above reaction mixture) . 

Measurement of catalase activity
Catalase (CAT, EC 1.11.1.6) activity was assayed as per 

the method of Aebi (1) using hydrogen peroxide as subs-
trate; the decomposition of H2O2 was followed at 240 nm 
on spectrophotometer. The CAT activity was expressed as 
U/mg protein. 

Measurement of reduced glutathione
The Reduced glutathione was measured in deprotonized 

supernatant from liver homogenate.Tissue homogenate 
was  deproteinated with tetrachloroacetic acid, centrifuged 
and  supernatant was used for the estimation of reduced 
glutathione (GSH) by the use of Ellman reagent (5, 5′di-
thiobis (2- nitro benzoic acid). The optical density of the 
pale colour was measured on the spectrophotometer on 
412 nm. An appro- priate standard (pure GSH) was run 
simultaneously. The level of GSH was expressed as μg/g 
tissue (11).

Statistical Analysis
Statistical analysis was carried out by one way analysis 

of variance (ANOVA) involving Newman–Keuls test for 
posthoc comparisons. The level of significance was accep-
ted at p<0.05.

RESULTS 

Effect of SiO2 nanoparticles on liver histology
The liver of control rats showed normal histological 

structure, whereas silica nanoparticles treated rats showed 
degenerative changes as evident in numerous hepatocytes 
(Figur-2), the cells were enlarged, and had light and foamy 
cytoplasm filled with vacuoles. 

 

 a b 

c 

Figure 2. Representing Light photomicrograph of (H&E) staining  (a) Control rat liver tissue showing normal architecture of central vein, sinu-
soids, and hepatocytes [40×], (b)  and  (c) 10nm  and  80nm  silica nanoparticles treated rat, liver tissue for 90 days  showing the trabecular structure 
of the lobules blurred in places. The cytoplasm of some hepatocytes is enlarged and vacuolated. (40×).
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Effect of SiO2 nanoparticles on Clinical Enzymes	
The blood biochemical parameters that reflect the hepa-
tic functions were further investigated. Serum AST and 
ALP levels were significantly increased in both 10nm and 
80nm silica nanoparticles treated groups with respect to 
control groups. While serum ALT level was significantly 
increased only in rats treated with 10nm silica nanopar-
ticles, no significant changes were observed in ALT levels 
in 80nm silica nanoparticles treated groups (Figure-4).

1H NMR spectroscopic measurement of serum
Typical 1H NMR serum spectra of 90 days of 10nm SiO2 

and 80nm SiO2 treated rats and that of controls are shown 
in Figure 3. Twelve metabolites, viz. lactate, alanine, ac-
etate, glutamate, pyruvate, glutamine, creatine, choline, 
threonine, glucose, histidine, and formate were identified 
and quantified using their respective 1H NMR signals. The 
concentrations of these twelve serum metabolites for 90 
days of 10nm SiO2 and 80nm SiO2 treated rats and that 
of control rats are shown in Table 2 along with statisti-
cal evaluation. A significant increase in lactate, alanine, 
acetate, creatine, choline, were observed in 90-days 10nm 
SiO2 and 80nm SiO2 treated rats, whereas a significant de-
crease in glucose levels was observed in 90 days of 10nm 
SiO2 and 80nm SiO2  treated rats compared with controls. 
Other metabolites were statistically remains unaltered (Ta-
ble-2 and figure 3). 

Figure 3. 1H NMR spectra of serum of (A) control rats (B) and (C) 
10nm SiO2 and 80nm SiO2 treated rats.

Effect of SiO2 nanoparticles on total protein content
The total protein content was found to be decreased in 

both 10nm and 80nm silica nanoparticles exposed groups 
with respect to the controls, but no significant changes 
were observed between groups, however, the magnitude of 
reduction was slightly higher in 10nm silica nanoparticles 
exposed group (Figure 5).

Effect of SiO2 nanoparticles on lipid peroxidation
The level of malonaldehyde (MDA) was significantly 

increased in 10nm and 80nm silica nanoparticales exposed 
groups with respect to controls in liver tissue, but charac-
teristically the magnitude of lipid oxidation was slightly 
less in 80nm silica nanoparticles treated group than 10nm 
Silica nanoparticles exposed rats, and no significant chang-
es were observed in between both treated groups (Figure 
5).

Effect of SiO2 nanoparticles on SOD and CAT activity
The activity of superoxide dismutase (SOD) and Cata-

lase (CAT) were significantly decreased in 10nm and 
80nm silica nanoparticles treated groups when compared 
with controls, while no significant changes were observed 
between the groups (Figure 5). 

Effect of SiO2 nanoparticles on reduces glutathione con-
tent

A significant decrease in reduced glutathione (GSH) lev-
els in liver tissue was observed in rats following exposure 
to 10nm and 80nm SiO2 nanoparticles when compared to 
controls (Figure 5).

DISCUSSION

Silica nanoparticles are emerging as a new and promising 
class of nanoparticles that have been developed for drug 
delivery system due to their special structure and functions 
(22, 23). Therefore, concerns on the biosafety impact of si-
lica nanoparticles are being increasingly discussed (16, 41, 
42, 44). Previous studies reported that inhalation of SiO2 
nanoparticles causes pulmonary inflammation, cardiovas-
cular alterations and neurotoxicity in rats, however, the 
influence of inhalation exposure of silica nanoparticles on 
hepatic system is not well documented. As we know that 
inhaled nanoparticles can enter the blood and from syste-
mic circulation reach to distant organs, such as the liver, 

Lactate Alanine Acetate Glutamate Pyruvate Glutamine

Control 646.9 ± 40.7 89.58 ± 12.7 21.65 ± 7.5 79.32 ± 10.2 10.32 ± 2.7 118.3 ± 19.1

10nm SiO2 792.4 ± 87.6* 115.4 ± 24.4* 30.41 ± 3.8* 89.25 ± 11.5 10.06 ± 2.1 109.6 ± 10.1

80nm SiO2 800.1 ± 52.3* 113.1 ± 20.4* 30.58 ± 5.0* 86.16 ± 9.2 11.36 ± 2.3 115.3 ± 24.6

Creatine Choline Threonine Glucose Histidine Formate

Control 29.39 ± 6.0 8.58 ± 1.5 81.93 ± 20.5 379.32 ± 30.2 9.32 ± 2.5 0.51 ± 0.1

10nm SiO2 35.75 ± 5.1* 24.06 ± 3.2* 73.22 ± 20.4 206.5 ± 23.5* 11.16 ± 2.6 0.55 ± 0.2

80nm SiO2 36.65 ± 3.4* 25.83 ± 3.0* 76.58 ± 15.0 226.3 ± 26.2* 11.26 ± 2.4 1.13 ± 0.3

Table 2. Serum metabolites of the rats exposed to the 10nm and 80nm SiO2. Value are mean ± SD of six animals in each group. The asterisk indi-
cates the significant difference between 10nm and 80nm SiO2 groups compared to control group *significantly differs (p < 0.05).
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Figure 4. Clinical chemistry indexes of rats following intranasal exposure of silica Nanoparticles, AST, ALT and ALP level in serum of the rats 
exposed to the 10nm and 80nm SiO2. Values are mean ± SD of six animals in each group. The asterisk indicates the significant difference between 
10nm and 80nm SiO2 groups compared to control group (*p < 0.05), (**p < 0.01), (***p < 0.001).

Figure 5.  LPO, CAT, SOD and GSH level in liver tissue of the rats exposed to the 10nm and 80nm SiO2. Value are mean ± SD of six animals in 
each group. The asterisk indicates the significant difference between 10nm and 80nm SiO2 groups compared to control group (*p < 0.05) ) (**p 
< 0.01) and na indicates non significant.
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kidney, brain and heart (20, 43, 31, 32). Thus, it is neces-
sary to confirm the influence of nanomaterials in systemic 
flow on various organs. In the present study, we evaluated 
the sub-acute hepatotoxicity induced by intranasal expo-
sure of silica (10nm and 80nm) nanoparticles and found 
that rats treated with 150µg silica nanoparticles intranasal-
ly for 90 days exhibited evidence of hepatotoxicity. Seve-
ral hepatotoxicity studies have suggested that liver may be 
the major target organ for the nanomaterials (34, 25) and 
these nanoscale materials may be toxic when they enter 
the blood stream directly or indirectly. Our observations 
from the pathological examinations showed degenerative 
necrosis in hepatocytes and enlarged cells with light and 
foamy vacuolar cytoplasm in both 10nm and 80nm SiO2 
nanoparticles treated rats, which clearly indicate liver inju-
ry. Moreover, the blood biochemical parameters reflected 
loss of hepatic functions with the significant elevation in 
the level of ALP and AST enzyme activity. These findings 
are consistent with the previous reports illustrating liver 
injury and altered serum biomarkers induced by 70nm sili-
ca nanoparticles administered at a dose of 30 mg/kg body 
weight (34). Furthermore, our results on SiO2 nanopar-
ticles by intranasal instillation were similar to those with 
intravenous instillation. 

An elevated level of lactate, alanine, acetate, creatine 
and choline (with 90-days SiO2 treatment) as evident from 
NMR studies, in serum is indicative of hepatic dysfunc-
tion, which indicates perturbation in glycolytic and tri-
carboxylic acid cycle pathways of hepatocytes. Possibly, 
SiO2 causes ischemic injury of hepatocytes which impairs 
the enzymatic activity related to the metabolism of glu-
cose and amino acids and hence the liver cells are unable 
to effectively metabolize carbohydrates and proteins, re-
sulting in an increase in lactate, alanine and acetate in the 
serum. The increase in blood creatine could be related to 
the dysfunction of glomerular filtrate while lower rates of 
glomerular filtration or lack of reabsorption of creatine 
in the glomerulus is expected due to perturbation of the 
rennin-angiotensin system (33). A higher concentration of 
choline indicates degradation of cell membrane , liver cell 
death, or liver cell proliferation. Excess choline indicates 
that there is loss of mobilization of fat from liver (lipo-
tropic action) due to inflammation of hepatocytes caused 
by hyper-activation of platelet-activating factor and other 
cellular dysfunctions (14). The reduction in glucose levels 
indicate mitochondrial dysfunction, which possibly leads 
to alternative metabolic pathway especially in rat models, 
resulting in perturbation of glycolysis and TCA cycle (27). 
Significantly lower concentration of glucose levels in SiO2 
nanoparticles-treated rat is another indication of liver dam-
age. 

Hepatocytes derive most of their energy from glucose; 
hence, impaired glycolysis, TCA cycle and electron trans-
port chain, as observed in SiO2 nanoparticles toxicity 
(28), may lead to decreased ATP production and increased 
formation of free radicals resulting in oxidation of mito-
chondrial DNA, proteins and lipids (47). Moreover, our 
results also showed high level of lipid peroxides in the 
liver of nanoparticles treated rats, indicating involvement 
of severe oxidative stress which is closely related to the 
reduction in activities of antioxidant enzymes like SOD 
and CAT as well as depletion of non-enzymatic antioxi-
dants like GSH. Till date, the mechanism for the genera-
tion of oxidative stress after nanoparticles treatment is still 

not clear, but Singh et.al (40) suggested that it is related 
to the large particle surface area. Cellular oxidative stress 
following exposure with different sized SiO2 (10nm and 
80nm) nanoparticles remained almost same and no ob-
vious evidence of greater toxicity being associated with 
large surface area could be observed. Li et. al. (21) com-
pared pulmonary toxicity of 3nm and 20nm TiO2 nanopar-
ticles in vivo and reported similar results. The size effect 
of nanoparticles in toxicity needs to be further explored.

To conclude it may be stated that the abnormal meta-
bolic profiles of rat serum, as evident from 1H NMR spec-
troscopic analysis, reflect the altered cellular metabolic 
pathway mechanism caused by SiO2 nanoparticles and 
this is directly coupled to the perturbed blood biochem-
istry. These metabolic changes can be exploited as the 
symptoms of SiO2 nanoparticles toxicity in the rat liver 
and serum. However, further evaluation of the relationship 
between toxicity, size, shape and chemical modification of 
the surface of particles is needed, and the future studies 
based on these data may provide very useful information 
for development of drug delivery system and other aspects 
of using nano-size materials.
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