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Abstract Nano-titanium dioxide (TiO2) is one of the most
commonly used materials being synthesized for use as one
of the top five nanoparticles. Due to the extensive application
of TiO2 nanoparticles and their inclusion in many commercial
products, the increased exposure of human beings to nanopar-
ticles is possible. This exposure could be routed via dermal
penetration, inhalation and oral ingestion or intravenous injec-
tion. Therefore, regular evaluation of their potential toxicity
and distribution in the bodies of exposed individuals is essen-
tial. Keeping in view the potential health hazards of TiO2

nanoparticles for humans, we reviewed the research articles
about studies performed on rats or other mammals as animal
models. Most of these studies utilized the dermal or skin and
the pulmonary exposures as the primary routes of toxicity. It
was interesting that only very few studies revealed that the
TiO2 nanoparticles could penetrate through the skin and trans-
locate to other tissues, while many other studies demonstrated
that no penetration or translocation could happen through the
skin. Conversely, the TiO2 nanoparticles that entered through
the pulmonary route were translocated to the brain or the sys-
temic circulation from where these reached other organs like
the kidney, liver, etc. In most studies, TiO2 nanoparticles ap-
peared to have caused oxidative stress, histopathological al-
terations, carcinogenesis, genotoxicity and immune disrup-
tion. Therefore, the use of such materials in humans must be

either avoided or strictly managed to minimise risks for hu-
man health in various situations.
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Introduction

Titanium dioxide (TiO2) particles are being synthesized and
used in various different sizes including fine particles with the
size of approximately 0.1–2.5 μm and nanosize particles with
the primary size of <0.1 μm [1]. Humans may be exposed to
TiO2 nanoparticles during manufacturing as well as by their
use. The exposure to TiO2 nanoparticles can be in the form of
aerosols, suspensions or emulsions. At the workplace, the ma-
jor routes through which TiO2 nanoparticles can be encoun-
tered are inhalation and dermal exposure in relevance to tox-
icology. Robertson et al. [2] reported more than 150 items of
manufacturer-identified nanotechnology-based consumer
products that would have long-term dermal contact. TiO2

nanoparticles are the most common of the nanomaterials
found in dermally applicable consumer products [2].

Titanium dioxide nanoparticles are being used in tooth-
paste, food colorants and nutritional supplements on a large
scale, and therefore, oral exposure to TiO2 nanoparticles may
happen through consumption of such products. According to a
recent study, candies, sweets and chewing gums have a higher
amount of TiO2 nanoparticles (<100 nm) [3]. TiO2

nanoparticulate carriers are delivered into the human body
through intravenous or subcutaneous injection in
nanomedicine [4]. Saber et al. [5] investigated that titanium
dioxide nanoparticles found in products like paint are less
dangerous, unless they become free by sanding. Gao et al.
[6] studied testicular damage and alterations in gene expres-
sion profiles in male mice induced by intragastric

* Farhat Jabeen
farjabeen2004@yahoo.co.in

1 Department of Zoology, Government College University Faisalabad,
Faisalabad, Pakistan

2 School of Agriculture, Food and Rural Development, Newcastle
University, Newcastle upon Tyne NE1 7RU, UK

Biol Trace Elem Res (2016) 172:1–36
DOI 10.1007/s12011-015-0550-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-015-0550-x&domain=pdf


administration of TiO2 nanoparticles (NPs). They observed
that TiO2 NPs crossed the blood-testis barrier to reach the
testis and resulted in testicular lesions, sperm malformations
and alterations in serum sex hormone levels. Therefore, the
production and application of TiO2 NPs should be carried out
cautiously, especially by humans of reproductive age.

Different routes of exposure that can lead to the systemic
disposal of these nanoparticles, and the most prevalent ones
are oral, subcutaneous, dermal, intravenous and, lastly, respi-
ratory. Respiratory exposure threats are mostly increased in
the form of occupational risk. Earlier works showed that over
150 different cosmetic products can lead to long-term dermal
exposure of titanium dioxide nanoparticles. The whitening
properties of TiO2 nanoparticles render them useful as a food
colorant. It is well known that several common food products
have these nanoparticles in them, along with likely daily ex-
posure to humans of various age groups [7]. Continual use of
TiO2 containing nanoparticles can lead to chronic level of
exposure and accumulation in numerous organs.

Whatever the route of exposure to TiO2 nanoparticles is,
once they entered into the circulatory system, the nanoparti-
cles are transported into various parts of the body as illustrated
in Fig. 1 [8].

It may be concluded that the occupational exposure to TiO2

nanoparticles may primarily occur by the route of inhalation.
The use of antimicrobial spray which contains TiO2 nanopar-
ticles may possibly be responsible for consumer inhalation.
The use of food products containing TiO2 nanoparticle addi-
tives may cause oral exposure. The applications of sunscreens
and other cosmetics are the source of dermal contact to TiO2

nanoparticles. The medical application of TiO2 nanoparticles
may be in the form of their intravenous injections.

In this paper, the main focus will be on current information
regarding the toxicity of TiO2 nanoparticles. In order to gather
the knowledge about the toxic effects of TiO2 nanoparticles on
humans, the studies done on rats or other mammalian organ-
isms as experimental models will be reviewed. The main fo-
cus will be on the in vivo studies; however, very few of the
in vitro studies will also be included in order to comprehend
the results. Studies performed on TiO2 nanoparticles and their
mixtures with other substances and the studies that focused on
the effects of TiO2 nanoparticles on aquatic ecosystems or the
environment will be avoided to be discussed in this review.

Dermal/Skin and Intradermal Exposure

A number of consumer products like sunscreens and cos-
metics may contain TiO2 nanoparticles, and hence, the study
of dermal absorption of these nanoparticles is of interest. The
outer layer of the human skin is a tough layer called the stra-
tum corneum. Penetration of a number of inorganic particles
through it is difficult. Normally, cosmetics and sunscreens
containing TiO2 nanoparticles are applied on an undamaged
skin. However, certain conditions such as sunburn or physical
force can cause slight injuries to the skin. Therefore, a number
of in vivo and in vitro studies have been performed to inves-
tigate the penetration of TiO2 nanoparticles on both intact skin
as well as on the stripped skin to evaluate the effect on the
injured skin [9]. Some of these studies, such as those of
Newman et al. [10] and Sadrieh et al. [11], have shown no
significant penetration of TiO2 nanoparticles through the in-
tact skin. Sadrieh et al. [11] found that TiO2 nanoparticles
(uncoated submicron sized, uncoated nanosized and
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dimethicone/methicone copolymer-coated nanosized) do not
significantly penetrate the intact normal minipigs’ epidermis
when applied 5 % by weight in a sunscreen topically at 2 mg/
cm2 of the skin at the rate of 4 applications per day and 5 days
per week for 4 weeks. No increase in the titanium levels in the
lymph nodes and liver was observed; however, an elevated
titanium level was observed in the treated epidermis of
minipigs with sunscreens containing TiO2 nanoparticles. The
dermis of the abdominal and neck of minipigs treated with
coated and uncoated TiO2 nanoparticles showed increased
titanium. Electron microscopy and energy-dispersive X-ray
analysis revealed that all types of TiO2 nanoparticles were
observed in the upper follicular lumens and stratum corneum,
and most of the particles visible were coated TiO2 nanoparti-
cles. The presence of isolated titanium particles was also de-
tected at various positions in the dermis of the treated animals
with sunscreens containing TiO2 nanoparticles. However, dis-
tribution pattern or pathology suggested that the particles were
the result of contamination, and the few isolated particles were
a very small fraction of the total TiO2 nanoparticles applied.
Senzui et al. [9] applied 35 nm non-coated TiO2 nanoparticles,
35 nm coated TiO2 nanoparticles, 100 nm TiO2 nanoparticles
coated with alumina and silicon and 250 nm TiO2 nanoparti-
cles non-coated to the intact and stripped skins of Yucatan
micropigs at the rate of 2 μL suspension per cm2 of skin.
Results showed no penetration of TiO2 particles through via-
ble skin, even though the stratum corneum was damaged.
Scanning electron microscopy (SEM) showed the presence
of some TiO2 nanoparticles in vacant hair follicles; however,
there was no penetration through the dermis or viable epider-
mis. The method of tape stripping using adhesive tape is wide-
ly used for studying the localization and distribution of drugs
in the stratum corneum [12].

Filipe et al. [13] found that coated 20 nm TiO2 nanoparti-
cles dispersed in three sunscreen formulations were not likely
to penetrate the stratum corneum towards the underlying
keratinocytes in normal human skin even after 48 h under
realistic in vivo conditions in normal and altered skin.
However, deposition of the nanoparticles was observed in
the openings of the pilosebaceous follicles. Similarly,
Monteiro-Riviere et al. [14] demonstrated both in vivo and
in vitro in pigs that penetration of TiO2 nanoparticles of sun-
screen formulations was slightly enhanced in the skin dam-
aged by ultraviolet B. However, they detected no transdermal
absorption. Sunscreens containing rutile crystallite-coated
TiO2 nanoparticles (90–460 nm) with the primary particle size
10×50 nm and mean agglomerates of 200 nm and 10 % oil/
water or water/oil emulsion were dermally applied on skin in
flow-through diffusion cells for 24 h. Skin exposed to ultravi-
olet B had typical sunburn histology.

Bennat and Müller-Goymann [15] showed that TiO2 nano-
particles can penetrate through hairy skin on application as oil-
in-water emulsion. They applied 5 % TiO2 nanoparticles to

human skin with the size of 20 nm as aqueous suspension or
oil-in-water emulsion via tape stripping method and observed
penetration of the TiO2 nanoparticles through the hair follicles
or pores. Furukawa et al. [16] found that there was no pene-
tration of titanium dioxide nanoparticles through topical ap-
plication in the epidermis of up to 20 mg silicon-coated TiO2

nanoparticles and up to 100 mg non-coated TiO2 nanoparti-
cles in c-Ha-ras. Analysis of rat skin indicated that both doses
of TiO2 nanoparticles were not able to penetrate through either
of the healthy or damaged skin. Furthermore, silicon-coated
TiO2 nanoparticles could not penetrate the human epidermis
model in vitro [17, 18].

Wu et al. [19] found no penetration of TiO2 nanoparticles
of various sizes through the stratum corneum of isolated por-
cine skin exposed for 24 h in vitro. However, in vivo studies
showed quite different results. Titanium dioxide nanoparticles
(4 and 60 nm) penetrated through the horny layer and reached
the deep layer of pig ear epidermis applied topically for
30 days. Similarly, TiO2 nanoparticles penetrate through the
skin of hairless mice dermally exposed for 60 days. These
nanoparticles reached different tissues and caused various
pathological lesions in many major organs. Interestingly, 21-
nm-sized TiO2 nanoparticles exhibited wider tissue distribu-
tion and even reached the brain. However, they did not induce
any pathological changes. TiO2 nanoparticles caused the most
severe pathological changes in the skin and liver than all other
organs studied and significant alterations in malondialdehyde
(MDA) and superoxide dismutase (SOD) levels. These find-
ings revealed that the deposition of the TiO2 nanoparticles
caused the oxidative stress that resulted in the pathological
lesions. In this way, the collagen content represented as
HYP content in mouse skin samples also reduced significant-
ly. This indicates that topically applied TiO2 nanoparticles in
the skin for a long period can induce skin ageing. This study
revealed that dermal exposure to TiO2 nanoparticles over a
relatively prolonged time may pose a health risk in humans
[19].

Furukawa et al. [16] investigated that titanium dioxide
nanoparticles do not possess post-initiation potential for
mouse skin carcinogenesis. Topical application of up to
20 mg silicon-coated TiO2 nanoparticles and up to 100 mg
non-coated TiO2 nanoparticles in c-Ha-ras protooncogene
transgenic mice and rats, sensitive to skin carcinogenesis, re-
spectively, and their wild-type siblings that were initially treat-
ed with a single dose of 7,12-dimethylbenz[a]anthracene
showed no carcinogenesis-promoting effects in the skin due
to no penetration through the epidermis. Analysis of rat skin
indicated that both formulations of TiO2 nanoparticles were
not able to penetrate through either of the healthy or damaged
skin. Furthermore, silicon-coated TiO2 nanoparticles could
not penetrate the human epidermis model in vitro [17]. A
similar study was performed by Xu et al. [18] with similar
results on the c-Ha-ras protooncogene transgenic (Hras128)
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rats (sensitive to skin carcinogenesis) and their wild-type sib-
lings treated with ultraviolet B-initiated skin carcinogenesis.
TiO2 nanoparticles were present in the upper stratum
corneum. However, they were not detected in the underlying
skin tissue layers. TiO2 particles were also not able to pene-
trate a human epidermis model in vitro.

Warheit et al. [20] investigated acute dermal irritation in the
local lymph node assay in mice and rabbits using 0, 5, 25, 50
or 100 % anatase/rutile (80/20) TiO2 nanoparticles with the
size of 129.4 nm in H2O for three consecutive days, and TiO2

nanoparticles did not cause skin irritation or dermal sensitiv-
ity. In another study, at 1, 24 or 48 h post-exposure, acute tests
on the dermal, eye and vaginal mucous membrane in mice
treated with TiO2 nanoparticles at the dose of 1000, 2150,
4640 and 10,000 mg/kg body weight showed no significant
irritation [21]. Topically applied 14, 28, 42 and 56 mg/kg 20-
nm-sized TiO2 nanoparticles on Wistar rat skin caused short-
term toxicity in a 14-day toxicity study by Unnithan et al. [22]
at the biochemical level expressed as decreased glutathione S-
transferase and catalase activity and increased lactate dehydro-
genase activity and lipid peroxidation, and the levels of
glutamic pyruvic transaminase and glutamic oxaloacetic
transaminase in the serum, blood urea nitrogen and creatinine
were also increased. However, there were no observable his-
topathological effects at the tissue level. They concluded that
renal as well as hepatic toxicity was caused due to short-term
dermal exposure of rats to 42 mg TiO2 nanoparticles per kilo-
gram body weight of rats. They investigated that TiO2 nano-
particles may penetrate into the live skin through the hair
follicles.

Exposure of the skin to TiO2 nanoparticles causes barrier
dysfunction or defect which can intensify symptoms of atopic
dermatitis through T helper-2 immune responses. TiO2 nano-
particles can initiate and/or promote skin diseases after the
barrier dysfunction/defect due to histamine release even when
there is no allergen present. On treating male NC/Nga mice
with 20 μg of 15, 50 or 100 nm rutile TiO2 nanoparticles by
intradermal injections, allergen+TiO2 showed atopic dermati-
tis, enhanced ear thickening and inflammatory action (in-
creased eosinophils, interleukin-4, mast cells and decreased
interferon-γ; TiO2 increased interleukin-13) [23]. They ob-
served that intradermal injection of TiO2 nanoparticles can
decrease the local expression of interferon-γ in the presence
of allergen. In serum, expression of interleukin-13 and hista-
mine levels significantly increased the ear thickness in mice.

Pulmonary Absorption

The pulmonary system consists of the nose and nasal cavity,
paranasal sinuses and pharynx (the upper respiratory tract),
larynx, trachea, bronchi and the lungs (the lower respiratory
tract). Here is a brief review of the studies performed on the

effects of TiO2 nanoparticles through inhalation, intranasal
(oropharyngeal) exposure and intratracheal instillation
(Fig. 2).

Figure 2 explains the distribution of TiO2 nanoparticles
after inhalation based on the study by Simkó and Mattsson
[24]. Arrows denote downward movement of the nanoparti-
cles through the respiratory tract. Most of the particles with
size ranging 1–5 nm are distributed all through the three re-
gions. Twenty-nanometer particles are mostly distributed in
the alveolar regions. Particles of 0.5–10 μm size remain on
the epithelial surface of the airways and alveoli.

Inhalation

Inhalation may be included in the major routes of exposure of
the human body to TiO2 nanoparticles especially at work-
places during handling processes. A number of studies have
been performed to find out the cellular, genetic or physiolog-
ical toxicity of TiO2 nanoparticles using inhalation as the ex-
posure route.

Up till now, there is no data available regarding the absorp-
tion of TiO2 nanoparticles through inhalation in humans.
However, a large number of studies have been performed on
rodents [25]. Mühlfeld et al. [26] observed the transportation
of a small fraction of 20-nm-sized TiO2 nanoparticles from the
airway lumen to the interstitial connective tissue of adult male
rats exposed to 0.11 mg/m3 TiO2 aerosols for 1 h and released
into their systemic circulation (capillary lumen) after 1- and
24-h dose. Similarly, van Ravenzwaay et al. [27] exposed
male Wistar rats to anatase-rutile TiO2 mixture (20–30 nm)
and rutile TiO2 (200 nm) in the form of aerosols of 100 and
250mg/m3 of uncoated and pigmentary TiO2, respectively, for
6 h per day and five consecutive days via inhalation. TiO2

nanoparticles were distributed in the lungs and mediastinal
lymph node.

In response to ultrafine titanium dioxide particles in the
form of aerosols, rats and mice developed progressive epithe-
lial and fibroproliferative changes in the lung and lymph
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Fig. 2 Distribution of TiO2 nanoparticles of different sizes in the
respiratory tract
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nodes. There was a marked impairment in the clearance of
TiO2 nanoparticles from the lung of exposed mice and rats
[28]. A dose-dependent deposition of Ti in the lung tissue
and an increase in neutrophils in bronchoalveolar lavage
(BAL) fluid indicated an inflammatory effect in mice [29].
TiO2 nanoparticles produced reactive species and endogenous
nitric oxide. Nanoparticle exposure considerably enhanced
microvascular oxidative stress up to about 60 % and elevated
nitrosative stress 4-fold in conjunction with microvascular
dysfunction. Spinotrapezious arteriolar endothelium dilation
was impaired in male Sprague-Dawley rats exposed to 1.5–
16 mg/m3 P25 anatase-rutile TiO2 (21 nm) for 240–720 min
[30]. Nanoparticle exposure via inhalation significantly im-
pairs endothelium-dependent vasodilation in sub-epicardial
arterioles [31]. Nanoparticle exposure as aerosol inhalation
reduces bioavailability of the microvascular nitric oxide and
alters the vasoreactivity. In addition, the greater adrenergic
receptor sensitivity indicates an amplified sympathetic respon-
siveness [32]. The significant impairment of endothelium-
dependent vasoreactivity in coronary arterioles has also been
observed by LeBlanc et al. [33]. Inhalation exposure to 6 mg/
m3 P25 anatase-rutile TiO2 (21 nm) for 240 min impaired
coronary arteriolar endothelium dilation and increased oxida-
tive stress (reactive oxygen species (ROS)) in coronary micro-
vascular walls of male Sprague-Dawley rats. Such distur-
bances in coronary microvascular function may result in the
cardiac disturbances associated with the exposure to TiO2

nanoparticles. Endothelium-dependent arteriolar dilation was
significantly decreased in rats exposed to TiO2 nanoparticles.
The production of endogenous microvascular nitric oxide was
decreased after inhalation of TiO2 nanoparticles in a dose-
dependent manner. Microvascular oxidative stress was in-
creased significantly [34].

Inhalation of nanoparticulate up-regulates the expression of
lung neurotrophins in an age-dependent fashion, and this ef-
fect is associated with airway hyperresponsiveness and in-
flammation vulnerability in earlier stages of lung develop-
ment, which may lead to a higher risk of developing asthma.
Inhalation of P25 Degussa (21 nm) TiO2 nanoparticles
(12 mg/m3; 5.6 h/day for 3 days) in weanling (2-week-old),
newborn (2-day-old) and adult (12-week-old) male and fe-
male Fischer 344 rats showed neurotrophin expression (nerve
growth factor, brain-derived neurotrophic factor and their re-
ceptors), which increased in 2-day-old and 2-week-old rats.
The airway resistance was increased in 2-week-old mice [35].
A long-term lung inflammation in time-mated adult female
mice was induced by exposure to TiO2 nanoparticles (42.4±
2.9 mg/m3 TiO2; 21 nm, average crystallite size aerosolized
powder 97 nm (peak size), rutile elongated modified with Al,
Si and Zr and coated with polyalcohols; for 1 h a day on
gestation days 8–18). Gestationally exposed offsprings
displayed moderate neurobehavioral alterations [36]. The in-
halation of the surface-coated TiO2 nanoparticles causes

alterations in the expression of genes in the lungs related with
acute phase, inflammation and immune response with con-
comitant changes in several miRNAs [37]. Noël et al. [38]
found that bronchoalveolar lavage fluid (BALF) indicated that
large aerosols (>100 nm) caused an acute inflammatory re-
sponse, as shown by the significantly enhanced number of
neutrophils, while small aerosols (5, 10–30 or 50 nm) pro-
duced significant oxidative stress damages and cytotoxicity
in the lungs of male rats exposed to TiO2 nanoparticles at
20 mg/m3 for 6 h. In both aerosols, the 10–30 nm TiO2 nano-
particles induced the marked pro-inflammatory effects as
compared to the controls.

In an inhalation study, rats were exposed to aerosols at the
dose of 2, 10 and 50 mg/m3 rutile-anatase TiO2 mixture with
25.1-nm-sized TiO2 nanoparticles by inhalation for 6 h/day for
5 days [39]. Necropsies were performed either immediately
after the last exposure or after 3 and 16 days post-exposure.
Lung inflammation was associated with a dose-dependent in-
crease in BALF total cell and neutrophil counts, polymorpho-
nuclears, total protein contents, enzyme activities (Γ-glutamyl
transpeptidase, lactate dehydrogenase, alkaline phosphatase
(ALP), N-acetyl-glucosaminidase) and number of cell media-
tors. No indications of systemic effects were found by mea-
surement of appropriate clinical pathological parameters. Cell
replication increased in bronchi and bronchioles. Similarly,
van Ravenzwaay et al. [27] exposed male Wistar rats to
anatase-rutile TiO2 mixture (20–30 nm) and rutile TiO2

(200 nm) in the form of aerosols of 100 and 250 mg/m3 un-
coated and pigmentary TiO2, respectively, for 6 h/day on five
consecutive days through inhalation. TiO2 nanoparticles were
distributed in the lungs and mediastinal lymph node. Both
TiO2 increased total cell count, polymorphonuclears, total
protein content, ALP, lactate dehydrogenase, Γ-glutamyl
transpeptidase and N-acetyl-glucosaminidase in bronchoalve-
olar lavage that are indicators of increased inflammatory ac-
tion. In an inhalation study on mice by Grassian et al. [40],
when exposed to 2–5 nm TiO2 nanoparticles at the dose of
8.88 mg/m3 for 4 h per day for 10 days, there were higher
counts of total cells and alveolar macrophages in the broncho-
alveolar lavage fluid. However, the mice recovered after
3 weeks. These inhalation studies revealed that TiO2 nanopar-
ticles can cause pulmonary inflammation in both rats and mice
at sufficient lung burdens. Nurkiewicz et al. [34] observed that
inhalation of nanoparticles (21 nm) or the fine TiO2 (1 μm) at
the dose of 1.5 and 20mg/m3 for 24 h post-exposure induced a
failure to respond to dilators which indicated microvascular
dysfunction of the arterioles in the shoulder muscle. The TiO2

nanoparticles were 6 to 7 times more potent than the fine
particles. In a recent study by the same research group, it
was found that the peripheral vascular effects were linkedwith
the exposure to particulate matter of TiO2 fine particles
(710 nm) and nanoparticles (100 nm) inhaled at the dose of
1.5–16 mg/m3 for 4–12 h inducing the activation of
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inflammatory and/or neurogenic mechanisms [34]. In addi-
tion, it was observed that the inhalation of 6 mg/m3 21 nm
P25 and a mixture of anatase (80 nm)/rutile (20 nm) TiO2

nanoparticles for 240 min caused an increased spontaneous
arteriolar basal tone, a reduced flow and a reduced responsive-
ness of the coronary arterioles to dilators 1 day post-exposure
in male Sprague-Dawley rats in another study [31]. It is note-
worthy that microvascular dysfunction was stated at low lung
burdens that did not significantly change the measures of
bronchoalveolar lavage fluid in lung inflammation or damage.
These findings are interesting as there are known links be-
tween particulate matter and cardiovascular diseases.
Exposure to particulate matter can result in significant alter-
ations in many cardiovascular indices, like blood pressure,
heart rate, heart rate variability and blood coagulability [41].

Surprisingly, Rossi et al. [42] observed that if mice were
repeatedly exposed to TiO2 nanoparticles through the airway,
the airway inflammation is modulated. This modulation of the
airway inflammation depends upon the immunological condi-
tion of the exposed mice. They exposed ovalbumin-sensitized
(asthmatic) female mice to silica-coated rutile TiO2 nanopar-
ticles with 10–40 nm primary particle size in the form of
aerosol (10–1000 nm size range) via inhalation at a concen-
tration of 10 mg/m3 for 2 h per day, 3 days a week and con-
tinued for 4 weeks. The results were surprising, that is, a
substantial decrease in the levels of antibodies, leucocytes,
eosinophils, chemokines and cytokines, alveolar macro-
phages, periodic acid-Schiff+ goblet cells, interleukin-1β, tu-
mour necrosis factor-α, interleukin-4, interleukin-13 and
interleukin-10 was observed that are the characteristics to al-
lergic asthma and inflammatory action. It indicated that the
allergic pulmonary inflammation was suppressed dramatically
in asthmatic mice exposed to TiO2 nanoparticles. The airway
reactivity was decreased by silica TiO2, while it was increased
by fine TiO2 (<5 μm). In another study by Rossi et al. [43], the
exposure of mice by inhalation for 2 h for four consecutive
days for 4 weeks to uncoated rutile and anatase TiO2 nanopar-
ticles did not induce significant inflammation. Only the rutile
TiO2 nanoparticles coated with SiO2 caused an obvious pul-
monary neutrophilia along with elevated expression level of
tumour necrosis factor-α and neutrophil-attracting chemokine
in the lung tissue. Almost exclusive accumulation of TiO2 was
observed in the alveolar macrophages. Morimoto et al. [44]
also reported that inhaled TiO2 nanoparticles (rutile 51±9 nm;
2.8×105/cm3 for 4 weeks; 6 h/day) did not induce inflamma-
tion or fibrosis in male Wistar rats. Inhalation of titanium
dioxide nanoparticles did not induce the gene expression of
matrix metalloproteinase-2 (MMP-2) and tissue inhibitor of
metalloproteinase-2 (TIMP-2) messenger RNA (mRNA) in
rat lungs. There were no changes of the gene expression of
MMP-2, TIMP-2 and type I collagen. Another study by
Leppänen et al. [45] showed no inflammatory action in male
mice exposed to TiO2 nanoparticles (primary particle size

20 nm; geometric mean diameters of 91, 113 and 130 nm
anatase+brookite (3:1); 8–30 mg/m3 for 0.5 h (acute expo-
sure); 30 mg/m3 for 1 h a day, 4 days a week for 4 weeks
(sub-chronic exposure)) through inhalation. However, reduc-
tion in expiratory flow in all the exposure situations was
observed.

A sub-chronic inhalation study comparing pulmonary re-
sponses to TiO2 nanoparticles in several species was per-
formed [28]. Female mice, rats and hamsters that were ex-
posed to different aerosol concentrations of 0.5, 2.0 and
10 mg/m3 P25 TiO2 nanoparticles (21 nm) for 13 weeks 6 h
per day and 5 days per week showed an increase in retained
lung burdens in a dose-dependent fashion in all three groups.
However, significant species differences were observed in the
pulmonary responses to the inhaled TiO2 nanoparticles. Rats
showed more severe inflammatory responses under similar
conditions of lung burdens of TiO2 nanoparticles than mice
and, as a result, developed increased epithelial and
fibroproliferative alterations. In the mice and rats that were
exposed to 10 mg/m3 TiO2 nanoparticles, clearance of parti-
cles from the lung was significantly impaired, while in the
hamsters, clearance was not affected at any of the adminis-
tered doses.

Silicon dioxide (SiO2)-coated 40 nm rutile TiO2 nanopar-
ticles inhaled at the concentrations of 10mg/m3 for 2 h on four
consecutive days for 4 weeks induced pulmonary neutrophilia
and increased the expression of tumour necrosis factor-α and
neutrophil-attracting chemokine CXCL 1 in lung tissues [43].
However, they linked these effects to the surface coating with
SiO2. Minimal inflammatory effects in the lungs, leucopenia
and decreased β-glucuronidase by inhalation of TiO2 nano-
particles have been observed [46].

Chronic lung inhalation studies [47, 48] that exposed pigs
or rats, respectively, to TiO2 nanoparticles have reported find-
ings of pulmonary pathology such as increased incidences of
pneumonia, squamous metaplasia [48], sustained pulmonary
responses [49], enhanced proliferation of pulmonary cells,
defects in macrophage function [50], alveolar epithelial meta-
plasia, progressive fibroproliferative lesions [51] and accumu-
lation of macrophages in interalveolar septa [8, 47].

Intratracheal Instillation

Intratracheal instillation is a technique in which single or re-
peated doses of specific volumes of substances are adminis-
tered directly into the lungs. Although the studies on the ex-
posure through inhalation are thought to be the gold standard,
studies on the exposure through intratracheal instillation may
prove useful for the assessment of risks [8, 52]. Sager et al.
[53] intratracheally instilled 0.26–1.04 mg/rat 21-nm-sized
TiO2 nanoparticles in rats and observed the migration of a
significant portion to the interstitial space after 42 days. The
extent of migrated TiO2 nanoparticles to the alveolar
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interstitium was significantly greater than their fine counter-
parts after both inhalation exposure and intratracheal instilla-
tion [8, 53]. A small fraction of pulmonary TiO2 nanoparticles
may enter the blood circulation and reach other tissues like the
liver and kidneys after 28 days of being intratracheally
instilled [54]. When male Kunming mice were treated with
3.3 mg/kg once a week for 4 weeks of anatase TiO2 (3 nm)
nanoparticles by intratracheal instillation, increased Ti brain
content, oxidative stress (O2−, OH−, H2O2, MDA) in brain and
exudates, inflammatory infiltration and necrosis were
observed.

Intratracheal instillation of TiO2 nanoparticles had shown
inflammatory effects in rats andmice [55–59]. The toxic effect
of intratracheally instilled TiO2 nanoparticles in lung tissue
exhibited a dose-response relationship. After exposure to
TiO2 nanoparticles, TiO2 nanoparticles induced standing pul-
monary lesions and may suppress the phagocytotic ability of
alveolar macrophages. Male and female Sprague-Dawley rats
treated with 0.5, 5 or 50 mg/kg TiO2 nanoparticles with 5, 21,
and 50 nm primary particle size by intratracheal instillation
showed inflammatory action (lactate dehydrogenase and ALP
increased in the lung by 5 and 50 nm TiO2), inflammatory
infiltration, alveolar wall thickening and alveolar macrophage
phagocytic ability altered by 5 and 50 nm TiO2 [57]. Smaller
particles induced greater inflammation in the short-term ob-
servations. Long-term effects (>1 week post-instillation) in-
clude pulmonary inflammation. However, this pulmonary in-
flammation was remarkably recovered [56]. In two experi-
ments by Kobayashi et al. [56], male rats were treated with
5 mg/kg anatase TiO2 (4.9 nm) (1st experiment), anatase TiO2

(23.4 nm) and anatase TiO2 (154.2 nm) (2nd experiment) by
intratracheal instillation. The 4.9- and 23.4-nm TiO2 nanopar-
ticles increased the total cell count, neutrophils and lactate
dehydrogenase, while in the second experiment, agglomerated
TiO2 increased total cell count, neutrophils and lactate dehy-
drogenase. All treated groups showed epithelium hypertrophy.
Inflammatory responses in the lungs have also been reported
by Park et al. [55] and Roursgaard et al. [60]. Nemmar et al.
[61] also demonstrated that intratracheal exposure to
1.5 mg/kg rutile Fe-doped nanorod TiO2 (length 80 nm; di-
ameter 7 nm) can promote pulmonary as well as systemic
inflammation (neutrophils and interleukin-6 increased) and
caused oxidative stress (SOD activity decreased in broncho-
alveolar lavage) along with histological changes (inflammato-
ry cell infiltration) inWistar rats. Blood parameters likeWBC,
interleukin-6 and SOD were reduced, while glutathione and
platelets increased. Lung damage and change in the perme-
ability of the alveolar-capillary barrier have also been ob-
served by Li et al. [54] and Tang et al. [59]. The TiO2 nano-
particles can enter blood circulation and reach extra-
pulmonary tissues, e.g. the liver and kidney [54]. Male
Kunming mice exposed to 3.3 mg/kg anatase (3 nm) TiO2

once a week for 4 weeks showed inflammatory action,

increased acid phosphatase, ALP in bronchoalveolar lavage
and destroyed alveolar walls. Intratracheally instilled TiO2

nanoparticles may accumulate significantly in the lungs as
reported by Sun et al. [62, 63]. TiO2 nanoparticles may signif-
icantly accumulate in the lungs and may increase the lung
indices and inflammation and bleeding in the lungs. This
may result into severe inflammatory response, pulmonary oe-
dema and pneumonocyte apoptosis for 90 days [62]. With
increasing exposure, TiO2 nanoparticles may significantly ac-
cumulate and cause the production of the reactive oxygen
species in the lung [63]. A dose-dependent retention of TiO2

nanoparticles has been observed in the lungs up to 28 days
after instillation by Husain et al. [64]. A dose-dependent man-
ner of infiltration of inflammatory cells has also been observed
in lung tissues by Nemmar et al. [61]. The intratracheal expo-
sure induced a significant and dose-dependent increase in neu-
trophils in the bronchoalveolar lavage and an increase in
interleukin-6 and caused a dose-dependent decrease of super-
oxide dismutase activity [61]. A study conducted by
Roursgaard et al. [60] showed sub-chronic lung inflammation
in a dose-dependent manner due to an increase in BALF mac-
rophages. Histology showed little inflammation overall.
Rutile TiO2 nanoparticles were the most inflammogenic,
while amorphous TiO2 nanoparticles were the most potent in
regard to acute tissue damage. There was a dose-dependent
acute increase in neutrophils, IL-6 and total protein in BALF
in all TiO2 nanoparticle-treated groups [60].

TiO2 nanoparticles generate pulmonary inflammation in
mice that could be due to the oxidative stress and expression
of inflammatory cytokines. Exposure to TiO2 nanoparticles
significantly enhance the reactive oxygen species and lipid
peroxidation and decrease the capacity of the antioxidant in
the lung [62]. Retention of TiO2 nanoparticles in the absence
of inflammation over time in low-dose groups may possibly
upset calcium and iron homeostasis and disturb smooth mus-
cle activities. In high dose, nanoparticles caused lung inflam-
mation. However, in low andmedium doses, the inflammation
resolved and there was no neutrophil influx in the lung fluid
[64].

Low-dose instillation of TiO2 nanoparticles (5 nm; 0.8, 4,
20 mg/kg) can recoverably impact metabolic function
(acetate, valine, dimethylamine, taurine, hippurate and 2-
oxoglutarate) because the scattered nanoparticles may be
transported from the lung to other organs or tissues like the
liver or kidney, but particles in higher doses aggregate and
deposit in the lung without migration and cause pulmonary
inflammation along with expanded lung gaps and hyperemia
[59]. Biochemical parameters showed blood urea nitrogen and
creatinine to be increased, while high nuclear magnetic reso-
nance urine analysis showed increases in valine, lactate, ace-
tate, succinate, 2-oxoglutarate, creatinine, taurine,
trimethylamine-N-oxide, allantoin and hippurate 1–2 and de-
creases in citrate and dimethylamine. Oxidative stress may be
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induced by the intratracheal exposure to TiO2 nanoparticles
induced in the liver and kidney, but does not affect renal or
hepatic functions. Glutathione peroxidase activity of the kid-
ney and superoxide dismutase activity of plasma in the low-
dose group significantly decrease, while malondialdehyde
levels of the kidney and liver significantly increase. There
were no apparent pathological changes in the liver and kidney
[65], whereas inflammatory responses have been observed by
Park et al. [55]. Liang et al. [65] treated male and female
Sprague-Dawley rats with 5 and 21 nm at a dose of 0.5–
50mg/kg by intratracheal instillation. Biochemical parameters
such as total protein, albumin, ALT, AST, blood urea nitrogen
and creatinine showed no changes. But oxidative stress (de-
creased SOD and glutathione peroxidase and increased MDA
activity) was observed in the liver, kidney and plasma, mostly
by 5 nm. Li et al. [54] reported the entrance of intratracheally
instilled TiO2 nanoparticles into the blood and liver and kid-
ney injury due to these particles. Nemmar et al. [61] reported
that the liver showed slight infiltration of inflammatory cells,
mainly lymphocytes, of few portal tracts. The plasma super-
oxide dismutase and reduced glutathione activities decreased
dose-dependently, while AST and ALT increased [61].
Increased levels of aspartate aminotransferase, lactate dehy-
drogenase, alkaline phosphatase, blood urea nitrogen and cre-
atinine, which indicated a slight injury in the liver and kidney,
as well as an increase in alveolar macrophages, expanded lung
gaps, hyperemia and alveolar thickness were also reported by
Tang et al. [66] in male Sprague-Dawley rats exposed to
intratracheal instillation of 0.8, 4 and 20 mg/kg anatase (5±
1 nm) TiO2 nanoparticles. Biochemical parameters changed
(ALT and blood urea nitrogen increased). High nuclear mag-
netic resonance urine analysis showed increases in valine,
lactate, acetate, succinate, 2-oxoglutarate, creatinine, taurine,
trimethylamine-N-oxide, allantoin and hippurate 1-2; de-
creases in citrate, dimethylamine, ketone bodies, choline and
low-density lipoprotein; increases in alanine and glutamic ac-
id; and decreases in creatine and pyruvate. TEM analysis of
the kidney revealed tubule epithelial cell damage and vascular
deformity. Intratracheally instilled TiO2 nanoparticles may
change the permeability of the alveolar-capillary barrier.
TiO2 nanoparticles might pass through the blood-brain barrier
and induce brain injury through oxidative stress response in
mice [54].

A significant increase in the levels of lactate dehydroge-
nase and liver enzymes, i.e. aspartate aminotransferase and
alanine aminotransferase in plasma, was reported by
Nemmar et al. [61]. An increase in the levels of choline, ke-
tone bodies, alanine and low-density lipoprotein; a decrease in
the levels of lactate, pyruvate and creatine; an increase in the
levels of aspartate aminotransferase, lactate dehydrogenase
and alkaline phosphatase; and an increase in the levels of
blood urea nitrogen and creatinine in serum indicated a slight
injury in the liver and kidney. Transmission electron

microscopy revealed particle-related alterations in the struc-
ture of the lungs, liver and kidneys. It also revealed apoptosis
due to the localization of nanoparticles within cells.
Biochemical parameters changed, e.g. albumin and glutamic
acid increased. High nuclear magnetic resonance serum anal-
ysis showed that ketone bodies, choline, low-density lipopro-
tein, alanine and glutamic acid increased and lactate, creatine
and pyruvate decreased when male Sprague-Dawley rats were
treated with anatase (5±1 nm) nanoparticles at 0.8, 4 and
20 mg/kg. TEM analysis showed swollen hepatocytes and
congested sinusoids [66].

TiO2 nanoparticles possibly cause chronic inflammatory
diseases in mice. The expressions of genes related with anti-
gen presentation and genes related with the induction of che-
motaxis of immune cells markedly increase. ICR mice ex-
posed to 5, 20 and 50 mg/kg of P25 TiO2 (21 nm) by a single
intratracheal instillation showed inflammatory action (inter-
leukin-1, tumour necrosis factor-α, interleukin-6, interleu-
kin-12, interferon-γ, interleukin-4, interleukin-5, interleukin-
10 and IgE increased in bronchoalveolar lavage), histology
changes (inflammatory proteins, granulomas) and up-
regulation of genes involved in antigen presentation and im-
mune cell chemotaxis [55]. Intratracheally instilled TiO2

nanoparticles caused a transitory response of pro-
inflammatory cytokines and T-cell-activating cytokines in
the airways, along with an influx of neutrophils and eosino-
phils. Gustafsson et al. [67] have demonstrated a dynamic
response in the lungs of Dark Agouti rats to TiO2 nanoparti-
cles, starting with an activation of the innate immunity of
eosinophils, neutrophils, natural killer cells and dendritic cells,
followed by a long-lasting activation of lymphocytes of adap-
tive immunity. Intratracheal instillation of 1, 5 and 7.5 mg/kg
bw P25 Degussa TiO2 resulted in a transient increase in eo-
sinophils and neutrophils in bronchoalveolar lavage, followed
by a recruitment of dendritic cells and natural killers. Elevated
levels of interleukin-1, interleukin-2, interleukin-6 and cyto-
kine induced neutrophil chemoattractant-1 and granulocyte-
macrophage colony-stimulating factor.

As a result of exposure to intratracheally instilled TiO2

nanoparticles, both damage to the cell structure and dys-
function of pulmonary alveolar macrophages may happen,
leading to a reduction in both specific and non-specific
immune responses in individuals exposed to small-sized
TiO2 nanoparticles [68]. Heart rate, systolic blood pres-
sure, plasma interleukin-6 and number of leukocyte and
platelet increased [61]. Intratracheal exposure to TiO2

nanoparticles may trigger the systemic immune response.
Immune function response may be considered as an in-
crease in the proliferation of T cells and B cells after
mitogen stimulation and increased killing activity of natu-
ral killer cell in the spleen, along with an increase in the
number of B cells in the blood. There were no significant
changes in cytokines [69].
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Furthermore, exposure to TiO2 nanoparticles can induce
the expression of heme oxygenase-1, Nrf-2 and glutamate-
cysteine ligase catalytic subunit from an exposure of 15 to
75 days, while there were significant decreases in the expres-
sion levels of the three factors in the lung at 90-day exposure.
The Nrf-2 expression induction is an intracellular adaptive
response to oxidative stress induced by TiO2 nanoparticles
in the mouse lung [63]. Furthermore, exposure to TiO2 nano-
particles activated nuclear factor-κB and increased the levels
of cyclooxygenase-2, heme oxygenase-1, tumour necrosis
factor-α, interleukin-(IL)-2, IL-4, IL-6, IL-8, IL-10, IL-18,
IL-1β and CYP1A1 expression. However, the exposure to
TiO2 nanoparticles reduced nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB)-inhibiting factor and
expression of heat shock protein 70 in mice [62].

Single intratracheal instillations of 18, 54 and 162 μg per
mouse altered approximately 3000 genes as revealed by DNA
microarray analysis. Several inflammatory mediators were al-
tered in a dose-dependent and time-dependent manner at the
mRNA as well as protein level. Although the low dose did not
show influx of neutrophils, alterations in the expression of a
number of genes and proteins related with inflammation were
observed. Inflammation resolved at the medium dose, while
the low dose showed no neutrophil influx in the lung fluid.
These effects were associated with down-regulation of genes
responsible for ion homeostasis and regulation of muscle [64].
However, Naya et al. [70] found in a study carried out on
Sprague-Dawley male rats that intratracheal instillation of an-
atase TiO2 nanoparticles is not genotoxic in rats. The comet
assay revealed no increase in tail %DNA in the dosage of 1.0
or 5.0 mg/kg body weight and 0.2 or 1.0 mg/kg body weight
once a week for 5 weeks. Cho et al. [71] also reported no
inflammatory responses in the bronchoalveolar lavage and
histology of the lung in rats after 24 h and 4 weeks of treat-
ment of intratracheally instilled 50 and 150 cm2/rat TiO2

nanoparticles (30–40 nm). A slight congestion in the spleen
and deposition of brown particulate in cervical and axillary
lymph node due to exposure to TiO2 nanoparticles have been
demonstrated by Fu et al. [69] in Sprague-Dawley rats.

Zhang et al. [72] evaluated the microdistribution of TiO2

nanoparticles in the lungs of rats using X-ray fluorescence
microscopy. Rats were intratracheally administered with
10 mg/kg TiO2 nanoparticles with a microsprayer. The inten-
sity of Ti in lung sections was measured using X-ray fluores-
cence. The beam size was 100 μm. The distribution of TiO2

nanoparticles was more in the right caudal and accessory
lobes, located downstream of the direction of administration
and the lower portion of each lobe.

However, Courtois et al. [73] found no altered effect in the
intralobar arteries’ vasomotor responses to prostaglandin F2α,
KCl and acetylcholine in male Wistar or Sprague-Dawley rats
exposed to 100μg TiO2 in 0.5 mL saline of P25 Degussa TiO2

nanoparticles (15 nm) by intratracheal instillation.

Liu et al. [57] treated rats by intratracheal instillation with a
single dose of 0.5, 5 or 50 mg of 5, 21 and 50 nm TiO2

nanoparticles per kg body weight. Histopathological exami-
nations of the lung tissue 1 week post-exposure indicated that
TiO2 nanoparticles caused dose-dependent inflammatory le-
sions. Pulmonary toxicity caused by 5 nm TiO2 nanoparticles
was more severe as compared to those due to 21 or 50 nm
TiO2 nanoparticles. Kobayashi et al. [56] reported the time
course of pulmonary responses at 1 and 7 days after
intratracheal instillation of 5 mg/ml of 19 and 28 nm TiO2

nanoparticles in rats. The pulmonary inflammation was great-
er after 24-h exposure then after 1-week exposure to TiO2

nanoparticles. The inflammation was dose dependent and lo-
cally distributed and recovery was probable. Liu et al. [68]
investigated the effects of TiO2 nanoparticles on the immune
function of rat alveolar macrophages exposed to
intratracheally instilled 5 and 200 nm TiO2 nanoparticles at
the concentration of 0.5, 5 or 50 mg/kg. They reported dam-
aged cell structure and dysfunction of alveolar macrophages,
resulting in reduced non-specific as well as specific immune
responses. The phagocytic ability of the macrophages was
inversely related to the changes in the dose of TiO2 nanopar-
ticles. The chemotactic ability of macrophages and expression
of some receptors on the cell surface was decreased. Nitric
oxide (NO) and expression of TNF-α by the alveolar macro-
phages were gradually enhanced by the increased dosage of
TiO2 nanoparticles. TiO2 nanoparticles produced more NO
and TNF-α than fine particles [74]. Pulmonary inflammation
and airway hyperresponsiveness were increased by low pul-
monary doses of 99.9 % anatase 15 nm TiO2 nanoparticles in
toluene diisocyanate-induced asthma mice treated on the dor-
sum of both ears (20 μL) on days 1 and 8 [75]. The mice were
administered oropharyngeally with 40 μL of a TiO2 nanopar-
ticle suspension (0.8 mg/kg body weight) on day 14. Airway
hyperresponsiveness increased 2-fold, and total cell count of
bronchoalveolar lavage fluid, mainly consisting of neutrophils
and macrophages, increased 3-fold. Inflammation, epithelial
damage and edema increased. These studies propose that TiO2

nanoparticles may be airway irritant.

Sub-acute Study

Zhang et al. [76] intratracheally instilled rats with TiO2 nano-
particles at the dose of 1 and 10 mg/kg body weight. LDH
activity, MDA, total protein and the number of leukocytes as
well as pulmonary inflammation were increased significantly
at 10 mg/kg body weight dose. Oberdorster et al. [77] ob-
served a significant pulmonary inflammation due to TiO2

nanoparticles (20 nm) in rats and mice, expressed by the in-
crease of total protein in branchioalveolar lavage fluid, acid-
glucosidase and LDH activity. Li et al. [54] studied the effects
of intratracheally instilled 3-nm-sized TiO2 nanoparticles once
a week for 28 days in mice after a total dose of 13.2 mg/kg
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body weight. Lung damage and change in the permeability of
the alveolar-capillary barrier were observed. TiO2 nanoparti-
cles entered the blood circulation and reached extra-
pulmonary tissues, e.g. the liver and kidneys, and caused tis-
sue injury. TiO2 nanoparticles were also found to pass through
the blood-brain barrier and caused injury via oxidative stress.
In some other areas, TiO2 nanoparticles at the dose of 1.0, 0.5
and 0.1 mg/ml twice per week for 6 weeks induced dyslipid-
emia and enhanced the atherosclerosis and plaque rupture in
intratracheally instilled mice [78].

Sub-chronic Study

Warheit et al. [79] compared several types of TiO2 fine parti-
cles and nanoparticles with different sizes, surface areas and
crystal structures by intratracheal instillation of TiO2 nanopar-
ticles with the size of 25 or 100 nm and dose of 1 and 5 mg/kg
body weight for 24 h, 1 week and 3 months into rats. In the
comparison between these particles, even though the surface
areas differed as large as 30-fold, the lung inflammation ob-
served was almost similar for the two particle sizes. Therefore,
they concluded that toxicity of TiO2 particles is not dependent
on the particle size or surface area through lung instillation.
Moreover, the same research group suggested that toxicity
depends upon particle surface properties instead of surface
areas. When mice were intratracheally instilled with single
fixed doses (5, 50 and 500 μg) of TiO2 fine as well as rutile
nanoparticles, Roursgaard et al. [60] found an increase in
interleukin-6 and total protein in bronchoalveolar lavage fluid
as well as airway inflammation at the highest doses in the
acute phase by both fine as well as nanoparticles.

Nasal Exposure (Intranasal Instillation)

Breathing mostly takes place through the nose and is called
nasal breathing. The nasal cavity has a respiratory segment
and an olfactory segment. The former is lined with
pseudostratified ciliated columnar epithelium with much
vascularized lamina propria that allows the venous plexuses
of the conchal mucosa which helps more blood passing
through this segment, controlling airflow and directing air in
the nose. The latter is lined with the olfactory epithelium con-
taining receptors for smell. Different types of cells are present
here including bipolar neurons and supporting (sustentacular)
cells along with basal cells and Bowman’s glands. Axons of
these bipolar neurons make the olfactory nerve (cranial nerve
I) that enters the brain via the cribiform plate.

Titanium dioxide nanoparticles showed a 2-fold increase in
airway hyperreactivity and a 3-fold increase in bronchoalveo-
lar lavage total cell counts, mainly comprising neutrophils and
macrophages in mice with diisocyanate-induced asthma.
Histological analysis revealed increased oedema, epithelial
damage and inflammation in the lungs [75]. Yu et al. [80] have

also reported that chronic exposure to TiO2 nanoparticles may
result in atherogenesis in combination with pulmonary inflam-
mation. Wang et al. [81, 82] demonstrated on murine brain
that intranasally instilled 80 nm rutile and 155 nm anatase
TiO2 nanoparticles at 500 μg/ml for 2, 10, 20 and 30 days
can be taken up and translocated by sensory nerves to the
brain. Intranasally instilled TiO2 nanoparticles to female mice
directly entered the brain through the olfactory bulb, especial-
ly deposited in the hippocampus region and caused the path-
ological changes in the hippocampus and olfactory bulbs,
such as irregular neuronal arrangement and condensated chro-
matin, and inflammatory action such as increased tumour ne-
crosis factor-α and interleukin-1β levels. The oxidative dam-
age expressed as lipid peroxidation, glutathione peroxidase,
glutathione S-transferase, SOD, reduced glutathione and
malondialdehyde increased significantly [82]. Nasally
instilled TiO2 nanoparticles can be translocated towards the
central nervous system and may cause lesion of the brain. The
hippocampus may be the main target within the brain. Female
CD-1 (ICR) mice treated with rutile (80 nm) or anatase
(155 nm) at the dose of 500 μg every other day for 15 times
by intranasal instillation showed Ti brain distribution mainly
in the olfactory bulb and hippocampus, causing oxidative
stress (decreased catalase activity, malondialdehyde; protein
carbonyls increased, SOD), and neurotransmitters like acetyl-
cholinesterase, glutamic acid and NO were increased [81].
Chen et al. [83] have also suggested that the TiO2 nanoparti-
cles can translocate among the organs and pass through the
blood-brain and the blood-heart barrier after long-term
exposure.

TiO2 nanoparticles caused haemorrhage and overproliferation
of spongiocytes in the mouse brain. The exposure of mouse to
TiO2 nanoparticles also increased reactive oxygen species pro-
duction and peroxidation of lipid, protein and DNA [84]. TiO2

nanoparticles can be translocated and accumulated in the brain,
leading to oxidative stress, all glial cell overproliferation, tissue
necrosis and hippocampal cell apoptosis. Moreover, TiO2 nano-
particles showed significant alterations in the expression of cer-
tain genes related to oxidative stress, immune response, apopto-
sis, metabolic process, DNA repair, brain development, signal
transduction, memory and learning, response to stimulus and
cellular process [85]. TiO2 nanoparticles induce oxidative dam-
age in the brain of mouse. This damage may take place through
the p38-Nrf-2 signalling pathway [84]. Chen et al. [83] studied
chronic toxicity of TiO2 nanoparticles and found obvious ad-
verse effect to zebrafish (Danio rerio), including time-
dependent and concentration-dependent inhibition of growth
and decrease in the liver weight ratio of zebrafish. TiO2 nano-
particles were also found to be distributed and accumulated in
the gill, heart, liver and brain.

Yu et al. [80] observed that the long-term exposure to TiO2

nanoparticles may cause atherosclerosis and pulmonary in-
flammation. Chronic exposure to TiO2 nanoparticles (1.25,
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2.5, 5 mg/kg body weight; nasal instillation; 9 months con-
secutively) caused pulmonary inflammation and atherogene-
sis, accompanied by alterations of many different serum pa-
rameters like carbohydrates, lipid and protein contents and
metabolites.

Although there are few studies about the exposure of TiO2

nanoparticles with respect to inhalation, intratracheal instilla-
tion or intranasal exposures, these studies suggest the translo-
cation of the TiO2 nanoparticles from the lungs into the circu-
latory system and systemic tissues or from the nasal cavity
into the nervous system through the sensory nerves. The avail-
able data suggest the low rate of migration of nanoparticles to
the circulatory system [8].

Sub-chronic Studies

Wang et al. [86] investigated the influence of intranasally
instilled TiO2 nanoparticles (25, 80 or 155 nm) on monoam-
inergic neurotransmitters at different post-exposure times at
the dose of 50 mg/kg for 2, 10, 20 or 30 days in female mice.
The monoaminergic neurotransmitters such as norepinephrine
(NE), 3,4-dihydroxyphenylacetic acid (DA), 5-hydroxyindole
acetic acid (5-HT), 5-hydroxyindole acetic acid (5-HIAA),
dopamine (DOPAC) and homovanillic acid (HVA) were
found out by reversed-phase high-performance liquid chroma-
tography with an electrochemical detector. Increased accumu-
lation of TiO2 nanoparticles was observed in murine brain for
the 25-nm group after 10 days (059.3±293.5 ng/g) that de-
clined slowly after 20 days post-exposure (654.7±269.2 ng/g)
but did not further decreased after 30 days post-exposure. The
levels of norepinephrine and 5-hydroxyindole acetic acid in-
creased significantly after exposure to 80- and 155-nm-sized
TiO2 nanoparticles, while decreases in the levels of 3,4-
dihydroxyphenylacetic acid, dopamine, homovanillic acid
and 5-hydroxyindole acetic acid were observed due to the
deposition of TiO2 nanoparticles in the brain. Thus, inhaled
TiO2 nanoparticles may translocate and deposit in the brain
after absorption through the nasal mucosa and may affect the
release and metabolism of monoaminergic neurotransmitters
in the brain.

Oral Exposure

The gastrointestinal tract (GIT) may be an important route for
the absorption of TiO2 nanoparticles because food products,
water and liquid beverages and drug carriers may contain
TiO2 nanoparticles [87, 88]. The gastrointestinal absorption
of nanomaterials has been the subject of the recent efforts in
the field of nanomedicine to develop effective carriers which
increase the oral uptake of drugs and vaccines [89]. TiO2

nanoparticles produced a marked harmful effect on male fer-
tility and biochemical parameters as well as produced

histopathological changes. Orally administered TiO2 nanopar-
ticles affected the liver, testes, serum and seminal vesicle
[90–92].

Orally administered TiO2 nanoparticles caused high coef-
ficients of the liver in rats [91]. Alterations of serum biochem-
ical parameters such as ALT, AST, lactate dehydrogenase and
pathology, i.e. spotty necrosis of hepatocytes and the hydropic
degeneration around the central vein of the liver [91], and a
significant increase in serum nitric oxide, hepatic SOD, gluta-
thione reductase (GR) enzyme activities and MDA concentra-
tion [90] were observed, which indicate the hepatic injury by
the nanoparticles. The liver showed vacuolar and hydropic
degeneration and cell death of some hepatic cells [90]. Oral
exposure to TiO2 nanoparticles produced a significant oxida-
tive stress in red blood cells, liver and brain of male mice,
which is clear from the higher levels of reactive oxygen spe-
cies, and changed antioxidant enzymes activities. There was
also a substantial increase in the levels of dopamine and nor-
epinephrine in the brain cerebral cortex. It suggests that the
TiO2 nanoparticles have neurotoxic potential. The presence of
these nanoparticles within the cytoplasm and nucleus was de-
tected by transmission electron microscopy [93].

Fadda et al. [94] observed the level of lipid peroxidation
enhanced in rat liver and a dramatic increase in serum glucose
level (marker of metabolic disorder) and the pro-inflammatory
biomarkers including tumour necrosis factor-α, interleukin-6,
C-reactive protein and immunoglobin G as well as the vascu-
lar endothelial growth factor (VEGF) (angiogenic factor) and
NO, oxidative (DNA) damage, the alteration in the apoptosis
marker, caspase-3, and the drug metabolizing enzymes, cyto-
chrome P450 (CYP450), in rat livers.

A number of studies have shown that the orally adminis-
tered TiO2 nanoparticles with size less than 100 nmmay cause
hepatic and renal toxicity in rats. Vasantharaja et al. [95] orally
administered a dose of 50 and 100 mg/kg body weight TiO2

nanoparticles to adult male Wistar rats. These nanoparticles
mainly affected the liver and kidney as shown by the changes
in the serum parameters. The altered levels of total protein,
glucose, AST, ALTand ALP indicated that TiO2 nanoparticles
induced hepatic damage. A significant increase in blood urea
nitrogen and uric acid points out that TiO2 nanoparticles dam-
age the kidney.

Bu et al. [92] observed disturbances in energy and amino
acid metabolism and the gut microbes in Wistar rats orally
administered with different doses of TiO2 nanoparticles that
may be attributable to some injury to the liver and heart due to
TiO2 nanoparticles. The metabonomics analysis of serum
showed altered levels of amino acids in rats treated with
TiO2 nanoparticles. TiO2 nanoparticles raised AST, creatine
kinase and lactate dehydrogenase and caused mitochondrial
swelling in heart tissues.

The significant change of serum alpha-HBDH and lactate
dehydrogenase in TiO2 nanoparticle-exposed groups showed
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myocardial damage. The nephrotoxicity and pathology alter-
ation of the kidneys was also observed. TiO2 mainly accumu-
lated in the liver, spleen, lungs and kidneys. This indicates the
transportation of TiO2 particles to other tissues and organs
after absorption by the gastrointestinal tract [91].

There was a significant decrease in body weight gain,
sperm motility percentage, sperm cell concentration, sperm
viability and serum testosterone level, while there was a sig-
nificant increase in sperm abnormalities and a reduction in the
number and size of the epithelial lining of the tubuloalveolar
gland and hyperplastic glandular epithelium of the seminal
vesicle. The testes showed mild spermatogenesis besides
congested testicular blood vessels [90].

The exposure to TiO2 nanoparticles induced major
degenerative changes in the albino rat visual cortex.
The cytoplasm showed some inclusion bodies, swollen
mitochondria, dilated rough endoplasmic reticulum and
swollen Golgi apparatus. The dendrites and axonal bun-
dles showed thinning and disintegration of the myelin
sheath. The oligodendroglial cell showed small shrunken
nucleus with peripherally clumping chromatin and dilat-
ed rough endoplasmic reticulum [96].

The effects on serum and heart tissue of adult rats after oral
exposure to TiO2 nanoparticles showed increases in serum
tumour necrosis factor-α, immunoglobulin G, interleukin 6,
C-reactive protein, vascular endothelial growth factor, myo-
globin, troponin, creatine kinase-MB and nitrite levels and
DNA damage. TiO2 nanoparticles caused an increase in all
serum and tissue parameters in a dose-dependent manner
[97]. The Morris water maze and the passive avoidance tests
on lactating Wistar rats showed that exposure to TiO2 nano-
particles by gavage can significantly harm the memory and
learning in the offspring [98].

TiO2 nanoparticles can cause neuroinflammation that may
cause changes in the cytokine expression in mouse hippocam-
pus. Ze et al. [99] treated mice orally with 2.5, 5 and 10 mg/kg
body weight with TiO2 nanoparticles for 90 consecutive days.
Titanium accumulated in the hippocampus and caused neuro-
inflammation and spatial memory damage. Also, the expres-
sion of Toll-like receptors, e.g. TLR-2 and TLR-4, tumour
necrosis factor-α, NF-κB-inducible kinase, NF-κB2(p52),
nucleic IκB kinase, nucleic factor-κB and RelA(p65) was sig-
nificantly activated, while the expression of IκB and
interleukin-2 was significantly suppressed.

However, Geraets et al. [100] observed that titanium con-
tent levels in the liver and spleen above the detection limit
were found only in some rats. Low levels of titanium could
be detected in mesenteric lymph nodes. From these results, it
may be concluded that some minor absorption, but to a very
limited extent, may take place in the gastrointestinal tract. This
very low oral bioavailability (limited uptake) and slow tissue
clearance might result in potential accumulation in the tissues
in the long run.

Warheit et al. [20] conducted acute oral toxicity studies in
rabbits. Treatment with 129.4 nm fine particles and anatase/
rutile (80 nm/20 nm) TiO2 nanoparticles in H2O at the dose of
175, 550, 1750 or 5000 mg/kg at 48 h intervals for 14 days
caused very low toxicity and short-term and reversible ocular
conjunctiva redness. Another study investigated the acute tox-
icity in mice after a single oral administration of 25, 80 and
155 nm TiO2 particles at the dose of 5 g/kg body weight [91].
After 2 weeks of exposure, there was no noticeable acute
toxicity. However, there were increased hepatic coefficients
in the female mice treated with 25 and 80 nm TiO2 nanopar-
ticles. Hepatic and renal injury was apparent from serum bio-
chemical parameters (lactate dehydrogenase, BUN, AST,
ALT) and the pathology of the kidney and liver. Significant
alterations of serum LDH in 25 and 80 nm TiO2 nanoparticle-
treated organisms indicated myocardial damage. These stud-
ies showed biochemical changes due to oral exposure but did
not confirm systemic toxicity. Bu et al. [92] treated Wistar rats
with TiO2 nanoparticles at the dose of 0.16, 0.4 and 1 g/kg.
The urine and serum analysis by HNMR showed enhanced
levels of citrate, taurine, hippurate, histidine, citrulline,
trimethylamine-N-oxide, alphaketoglutarate, acetate and
phenylacetylglycine.

The use of engineered nanoparticles in consumer products
results in the presence of nanoparticles in drinking water
sources, although the concentration of Ti compounds in drink-
ing water is mostly low [8]. Although the majority of aggre-
gated or stable nanoparticles were removed by simulated con-
ventional and advanced treatment using bench-scale coagula-
tion/flocculation/sedimentation-simulated conventional treat-
ment, as well as using microfiltration and ultrafiltration-
simulated advanced treatment, nanoparticle metals were de-
tectable in 2–20, 3–8, and 48–99 % of Ag, TiO2, and ZnO
nanoparticles or their dissolved ions, respectively, that
remained in finished water. So the consequent nanoparticle
increase into treated drinking water is a potential route for
the exposure and threat for human health [101]. Trouiller
et al. [102] demonstrated in vivo in mice the genotoxicity,
oxidative DNA damage and inflammation by TiO2 nanopar-
ticles in drinking water. The comet assay, the micronuclei
assay, and the γ-H2AX immunostaining assay showed in-
duced 8-hydroxy-2′-deoxyguanosine, γ-H2AX foci (indica-
tive of DNA double-strand breaks), micronuclei and DNA
deletions, a moderate inflammatory response (mRNA levels
of inflammatory cytokines in the peripheral blood).

Intraperitoneal Injection

Intraperitoneal (IP) injection is the injection of a substance
into a body cavity (the peritoneum). The method is widely
used in humans to administer chemotherapy drugs for the
treatment of some cancers, especially ovarian cancer.
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Although this method is controversial, but still this particular
use has been recommended as a standard of care [103].
Intraperitoneal studies may be done to address the effects of
possible TiO2 nanoparticles use in nanomedicine [8].
Intraperitoneal injection of TiO2 nanoparticles has been
shown to affect blood. The nanoparticles did not activate
platelets in vitro but caused prothrombotic effects in the mi-
crocirculation in vivo [104], while Younes et al. [105] reported
that blood cell count remained unchanged with the exception
of the platelet count that increases after the intraperitoneal
injection of 20 mg/kg body weight TiO2 nanoparticles every
2 days for 20 days into rats. Intraperitoneal injection affects
the spleen [106–109], lung [106, 110], serum, heart, kidney,
liver [106, 107], brain [111], inflammatory response [110,
111] and reproductive system [107]. Guo et al. [107] treated
male ICR mice with 200 and 500 mg/kg body weight TiO2

nanoparticles every other day for 5 times by intraperitoneal
injections as a result of which ALT and AST/ALT as well as
blood urea nitrogen were increased showing the effect on the
liver and renal system. Reduced sperm density and motility,
increased sperm abnormality and germ cell apoptosis were
also observed. Intraperitoneally injected anatase TiO2 nano-
particles interfere with antioxidant defence mechanisms that
results in oxidative stress in hepatocytes due to production of
reactive oxygen species promoting apoptosis and necrosis
[112].

Symptoms of acute toxicity, e.g. passive behaviour, appe-
tite loss, tremor and lethargy, were also induced. Slightly
elevated levels of the serum enzymes ALP and AST were
found from the biochemical tests, whereas blood urea nitro-
gen was not significantly changed [106]. The highest accu-
mulation of TiO2 was in the spleen and resulted in the lesion
and congestion and proliferation of lymph nodule of spleen
tissue and caused apoptosis of the splenocyte [106, 108].
TiO2 nanoparticles can induce the spleen pathological
changes, apoptosis, leading to the reduction of immunity
of mice [108]. TiO2 was also deposited in the lung, liver
and kidney of adult male and female ICR mice when treated
with 324, 648, 972, 1296, 1944 or 2592 mg/kg of 80 and
110 nm, mostly being 100 nm anatase TiO2 nanoparticles.
Histopathological examinations showed the entrance of
some TiO2 particles into the spleen which cause severe le-
sions and neutrophil infiltration. These nanoparticles also
caused thrombosis in the pulmonary vascular system that
may be attributed to blocking of blood vessels. Moreover,
hepatocellular necrosis and apoptosis, hepatic fibrosis,
hydropic degeneration, swelling of renal glomerulus,
proteinic liquids in renal tubules and interstitial pneumonia
were also observed in the high-dose groups that may be
associated with the alveolar septal thickening [106].
Intraperitoneally injected anatase TiO2 nanoparticles caused
hydropic degeneration and fatty degeneration of hepatocytes,
portal and lobular infiltration by inflammatory cells, cloudy

swelling and congested dilated central veins, cytoplasmic
degeneration and damaged nuclei of hepatocytes [112].

There were also a decrease in the coefficients of the liver,
heart and kidneys and a significant increase in serum bio-
chemical parameters such as the ALT, ALT/AST and BUN,
as well as significantly reduced sperm density and motility,
increased sperm abnormality and germ cell apoptosis. But
damage on the liver and kidney function is slight in a dose-
dependent manner [107]. Intraperitoneally injected anatase
TiO2 nanoparticles changed serum alkaline phosphatase and
glutamate oxaloacetate transaminase activity [112]. Jeon et al.
[113] intraperitoneally injected anatase TiO2 nanoparticles
with the average diameter <25 nm for 7 days. Glutamic oxa-
loacetic transaminase, glutamic pyruvic transaminase and al-
kaline phosphatase were enhanced approximately 18, 35 and
69 %, accumulated in the periphery of sinusoid in the liver.
Enzymes, such as superoxide dismutase, catalase and alde-
hyde dehydrogenase, were significantly inhibited by 22, 38
and 15 %, respectively, and glutathione peroxidase was con-
stant. An increase in the AST/ALT enzyme ratio and activity
of lactate dehydrogenase was observed after sub-acute expo-
sure to TiO2 nanoparticles as IP injection of 20 mg/kg body
weight every 2 days for 20 days [105].

Moon et al. [110] found that intraperitoneal administration
of TiO2 nanoparticles induces acute lung inflammation and
exhibits additive or synergistic effects with lipopolysaccha-
ride, to some extent, at least, through activation of oxidant-
dependent inflammatory signalling and the nuclear factor
NF-κB pathway, that results in the increase of pro-
inflammatory mediators, e.g. tumour necrosis factor-α, inter-
leukin-1β, and macrophage inflammatory protein-2 in bron-
choalveolar lavage fluid and mRNA expression of tumour
necrosis factor-α and interleukin. They treated mice with
40 mg/kg of P25 TiO2 (21 nm) through intraperitoneal injec-
tions and observed inflammatory action on neutrophils, total
protein content, tumour necrosis factor-α, interleukin-1β and
macrophage inflammatory protein-2 increased by TiO2 or
TiO2+lipopolysaccharide. Another research shows that intra-
peritoneal injection of TiO2 nanoparticles in mouse effectively
activated caspase-3 and caspase-9, decreased the Bcl-2 levels
of gene and protein, increased the levels of Bax, cytochrome c
genes and their protein expression and promoted ROS accu-
mulation [108].

Histological examination by Younes et al. [105] showed
that intraperitoneal injection of 20 mg/kg body weight TiO2

nanoparticles every 2 days for 20 days induced a little inflam-
mation overall. Furthermore, pathological changes in the liver
of rats were induced by the TiO2 nanoparticles. Titanium ac-
cumulated in the lung, liver and brain.

Nanosized TiO2 promotes increased neuro-inflammatory
responses that may be due to an increase in microglial activa-
tion in pre-inflamed brain. When male mice were treated with
<1 μm (rutile) or 21 nm (P25) at the dose of 40 mg/kg for
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30 min after 5 mg/kg lipopolysaccharide through intraperito-
neal injections, the inflammatory action was increased by
TiO2 nanoparticles as expressed by increased interleukin-1β,
tumour necrosis factor-α and inducible nitric oxide synthase
and induced microglial activation, as well as they showed
enhanced ROS that represent oxidative stress [111]. TiO2

nanoparticles when injected intraperitoneally may damage
the development and proliferation of B and T lymphocytes,
reduce the activity of macrophages and decrease natural killer
(NK) cell population levels, outcomes that appear to lead to an
increase in tumour growth in situ. This suggested that TiO2

nanoparticles might have the potential to enhance tumour
growth through immunomodulation of B and T lymphocytes,
macrophages and NK cells. TiO2 nanoparticles (<25 or
<100 nm) intraperitoneally injected once a day for 7 days into
mice decreased splenocytes, CD4+ and lipopolysaccharide-
stimulated natural killer cells CD8+, while B-lymphocyte de-
velopment and lipopolysaccharide-stimulated spleen cell pro-
liferation were retarded [109]. TiO2 nanoparticles can change
the neurobehavioral performance of adult Wistar rats. Younes
et al. [105] reported significantly increased anxious index in
rats shown by the elevated plus-maze test after sub-acute treat-
ment of TiO2 nanoparticles at 20 mg/kg body weight every
2 days for 20 days injected intraperitoneally.

At the higher doses of an intraperitoneal exposure
study in mice, 5 nm anatase TiO2 nanoparticles intraper-
itoneally injected to mice at the concentration of 5, 10,
50, 100 and 150 mg/kg body weight daily for 14 days
caused serious damage to the kidneys, liver and myocar-
dium and altered blood sugar and lipid levels. On
treating female CD-1 (ICR) mice with anatase TiO2

(5 nm), bulk rutile TiO2 (10–15 μm) at the dose of 5–
150 mg/kg body weight anatase TiO2 nanoparticles and
150 mg/kg bulk TiO2 every day for 14 days by intra-
abdominal injections, biochemical parameters, such as
creatine kinase, lactate dehydrogenase, aspartate amino-
transferase and alpha-hydroxybutyrate dehydrogenase,
were increased by both TiO2 [114]. Furthermore, with
increasing doses of TiO2 nanoparticles, liver function in-
dicators, e.g. ALT, total protein, leucine acid peptide,
albumin levels and pseudocholinesterase, were enhanced
significantly; the kidney function indicators, e.g. BUN
and uric acid, were decreased; and the myocardium func-
tion indicators, e.g. LDH, alpha-hydroxybutyrate dehy-
drogenase, triglycerides, glucose and high-density lipo-
protein cholesterol levels, and the activities of AST and
creatine kinase were increased. The accumulation of
TiO2 nanoparticles in the organs was related to the in-
flammatory responses and the differences in the coeffi-
cients of organs of mice. The LD50 value of intraperito-
neally injected TiO2 nanoparticles in mice was found to
be 150 mg/kg body weight. Signs of acute toxicity, like
passive behaviour, tremor, loss of appetite and lethargy,

were observed in mice intraperitoneally injected with 50-
nm-sized TiO2 nanoparticles at the dose of 324, 648,
972, 1296, 1944 or 2592 mg/kg for 24 and 48 h and 7
and 14 days. ALT and AST levels were slightly elevated.
Some TiO2 nanoparticles entered and caused lesions in
the spleen. Thrombosis was observed in the pulmonary
vascular system. Furthermore, the high-dose group
showed hepatic fibrosis, renal glomerular swelling, hepa-
tocellular necrosis and apoptosis and interstitial pneumo-
nia related to alveolar septal thickening. Ma et al. [115]
observed inflammatory responses and liver injury by 5-
nm-sized TiO2 nanoparticles intraperitoneally injected at
the dose of 5, 10, 50, 100 and 150 mg/kg body weight
daily for 14 days. TiO2 nanoparticles significantly altered
the mRNA and protein expression of numerous inflam-
matory pathways, together with NF-κB, macrophage mi-
gration inhibitory factor, tumour necrosis factor-α, inter-
leukin-6, interleukin-1β , cross-react ion protein,
interleukin-4 and interleukin-10. Neurons turned into fil-
amentous shapes or inflammatory cells after translocation
of TiO2 nanoparticles from the abdominal cavity [116].
A cascade of reactions was triggered by oxidative stress
and the injury of the brain, like lipid peroxidation, de-
creases in the total antioxidation capability and antioxi-
dative enzyme activities, the too much release of NO,
reduced glutamic acid and down-regulation of acetylcho-
linesterase activity. Intraperitoneal injection of TiO2

nanoparticles causes acute systemic toxicity, involving
pathological as well as biochemical effects on the kidney,
liver, heart and brain.

Another study investigated an adjuvant effect of photocat-
alytic 28-nm-sized rutile TiO2 nanoparticles administered
through intraperitoneal injection at the dose of 2, 10, 50 and
250 μg, in combination with ovalbumin (OVA) in mice [117].
The inbred female mice in this study were immunized with
1 μg OVA alone or in combination with either 2, 10, 50 or
250 μg TiO2 by intraperitoneal injections. The TiO2 nanopar-
ticles promoted an immune response with high serum levels of
ovalbumin-specific IgE and IgG1 and influx of neutrophils,
eosinophils and lymphocytes in bronchoalveolar lavage fluid.

Subcutaneous and Intramuscular Injection

A subcutaneous injection is given in the fatty layer of tissue
just under the skin. There is little blood flow to fatty tissue,
and the injected medication is generally absorbed more slow-
ly, sometimes over 24 h. Growth hormone, insulin, epineph-
rine and other substances are injected subcutaneously.
Subcutaneous injection of TiO2 nanoparticles causes various
functional and pathologic disorders, for example reduction in
sperm production and olfactory bulb of the brain, also in the
next generation. When pregnant Slc:ICR mice were treated
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with 100 μL at 1 mg/mL of 25–70 nm anatase TiO2 nanopar-
ticles at 3, 7, 10 and 14 days post-coitum by subcutaneous
injections, TiO2 nanoparticles were found in the cortex and
olfactory bulb of offspring brain, and markers for features of
apoptosis were seen in olfactory cells. The reproductive sys-
tem was also affected by the nanoparticles as expressed by
disrupted and disorganised seminiferous tubules, decreased
sperm production, few mature sperm, number of Sertoli cells
and epidididymal sperm motility [118]. Similarly, Umezawa
et al. [119] demonstrated that prenatal exposure by subcuta-
neous injections may affect the brain. Differential expression
of the genes associated with the striatum during the prenatal
period, dysregulation of the gene expression for the regions
related to dopamine neuron system and the prefrontal region
have been observed by Umezawa et al. [119].

The gene expression involved in the development and
function of the foetal central nervous system in offsprings
may be affected after maternal exposure of mice to TiO2 nano-
particles. Shimizu et al. [120] injected TiO2 subcutaneously
into pregnant mice on gestational days 6, 9, 12 and 15. Brain
tissues from male foetuses on embryonic day 16 and from
male pups on postnatal days 2, 7 14, and 21 were analysed
by complementary DNA (cDNA) microarray analysis. The
expression level of the genes related with apoptosis as well
as brain development was changed in the offspring. The genes
responsible for oxidative stress in the brain were changed in
mice age 2–3 weeks. The expression of genes for neurotrans-
mitters and psychiatric diseases was also changed [120].

Takahashi et al. [121] demonstrated in mice that maternal
exposure to TiO2 nanoparticles subcutaneously may affect the
development of the central dopaminergic system in the next
generation. In pregnant Slc:ICR mice subcutaneously injected
with 100 μL at 1 mg/mL of 25–70 nm anatase TiO2 nanopar-
ticles at gestational days 6, 9, 12, 15 and 18, monoamine
levels (dopamine, 3,4-dihydroxyphenylacetic acid,
homovanillic acid, 3-methoxytyramine-hydrochloride) were
increased in the prefrontal cortex and neostriatum.

Hansen et al. [122] treated male Sprague-Dawley rats with
TiO2 (70 nm) and bulk TiO2 (diameter 0.9 mm; height 1 mm)
in the back of rats for 6 or 12 months by subcutaneous (bulk)
and intramuscular (Nanoparticles) implantation. This induced
local reaction such as the presence of granulomas
(nanoparticles) and inflammatory infiltrates (bulk) and no lo-
cal intolerance (both). There is another similar study by Gatti
et al. [123] who treated male Sprague-Dawley rats with TiO2

(70 nm) and bulk TiO2 (diameter 6–12 mm; height 2 mm) in
the back of rats for 6 or 12months by subcutaneous (bulk) and
intramuscular (nanoparticles) implantation and observed local
reaction in the form of granulomas (nanoparticles) and inflam-
matory infiltrates (bulk).

Onuma et al. [124] treated female C57BL/6 mice by sub-
cutaneous injections with hydrophilic rutile TiO2 (minor axis
40–70 nm; major axis 200–300 nm) treated with

ZrO2Al(OH)3 and with hydrophobic rutile TiO2 (minor axis
40–70 nm; major axis 200–300 nm) treated with
ZrO2Al(OH)3 and steric acid (only QR-32 cells or QR-32 cells
mixed with 5 mg/0.1 mLTiO2; or TiO2 30 and 70 days before
injecting QR-32 cells) and observed the carcinogenicity and
metastatic ability in tumour cell lines resulting from QR-32
cells injected in site pre-implanted with both the TiO2. QR-32
cells turned into tumorigenic after the injection in sites im-
planted with hydrophilic TiO2 for 30 or 70 days

Intravenous Injection

Intravenous treatment is the infusion of liquid sub-
stances directly into a vein. In recent days, in
nanomedicine, TiO2 nanoparticulate carriers are intrave-
nously injected directly into the blood and it has elevat-
ed public concerns in regard to their toxicity to humans
[4, 125]. Scown et al. [126] quantified the content of
titanium in the blood, brain, gills, liver and kidney of
rainbow trout (Oncorhynchus mykiss) at time points.
Upon a single high-dose exposure to TiO2 nanoparticles
via the bloodstream injected intravenously, TiO2 accu-
mulates in the kidneys but has a minimal effect on
kidney function such as urine production or glomerular
filtration rate [126].

High doses of titanium dioxide nanoparticles intrave-
nously injected to mice caused death on the second day
of injection of TiO2 nanoparticles, while the lower
doses caused acute toxicity symptoms like decreased
physical activity, food and water intake and increased
white blood cell count. The spleen of the TiO2

nanoparticle-treated mice showed higher tissue weight/
body weight coefficients and lower liver and kidney
coefficients. The TiO2 nanoparticle treatment induced
damage in the liver, spleen, brain, lung and kidneys;
however, the heart showed no pathological effects
[125]. Yamashita et al. [127] showed that intravenously
injected 0.8 mg of 35 nm TiO2 nanoparticles for two
consecutive gestational days to pregnant mice showed
pregnancy complications, e.g. the accumulation of TiO2

nanoparticles in the placenta, brain and liver of the foe-
tus and smaller uteri and foetuses.

Geraets et al. [100] observed the rapid distribution of
titanium through the systemic circulation in the liver,
spleen, kidney, brain, heart, lung and thymus and repro-
ductive organs after single and repeated intravenous ex-
posure. The main targets of titanium were the liver, spleen
and lung. Some decrease in the levels of titanium was also
observed during the 90-day post-exposure period. The
maximum relative decrease was 26 %. Slight variations
in kinetic profile were observed among the various parti-
cles; however, these could not be clearly related to

Toxicity of Titanium Dioxide (TiO2) Nanoparticles 15



primary particle size differences or the hydrophobicity.
Some clues were found about the crystalline form (anatase
or rutile) on total titanium recovery. TiO2 nanoparticles
caused liver damage and induced significantly the gluta-
thione reductase expression in male Wistar rats intrave-
nously injected with 5 mg/kg for 5 days [128].

van Ravenzwaay et al. [27] intravenously injected male
Wistar rats with 5 mg/kg body weight of anatase-rutile TiO2

mixture (20–30 nm) and rutile TiO2 (200 nm) and observed
TiO2 distribution mostly in the liver and spleen after injection
as well as inflammatory action as both TiO2 formulations
increased total cell count, polymorphonuclears, total protein
content, ALP, lactate dehydrogenase, Γ-glutamyl
transpeptidase and N-acetyl-glucosaminidase in bronchoalve-
olar lavage.

There is another study by Onuma et al. [124] who treated
female C57BL/6 mice by intravenous injections with hydro-
philic rutile TiO2 (minor axis 40–70 nm; major axis 200–
300 nm) treated with ZrO2Al(OH)3; hydrophobic rutile TiO2

(minor axis: 40–70 nm; major axis 200–300 nm) treated with
ZrO2Al(OH)3 and steric acid (tumour cell lines into mice
(5/line)) and observed the carcinogenicity and metastatic abil-
ity due to tumour cell lines obtained fromQR-32 cells injected
in site pre-implanted with both TiO2. QR-32 cells were con-
verted tumorigenic after injection in sites implanted with hy-
drophilic TiO2 for 30 or 70 days.

Intra-articular Injection

A joint injection or the intra-articular injection is used in med-
icine for the treatment of joint inflammations, such as gout,
rheumatoid and psoriatic arthritis, carpal tunnel syndrome,
tendinitis, bursitis and sometimes osteoarthritis. Anti-
inflammatory agents, such as corticosteroids, are injected into
the affected joint using a hypodermic needle. Sometimes,
hyaluronic acid is used to replace bursa fluids due to its high
viscosity. In recent times, nanomaterial coatings are being
used in orthopaedic implantations, for example bone, carti-
lage, joint, etc. Nanoscale wear particles may generate from
orthopaedic implants with nanoscale surface features because
of leftover stress. Intra-articularly injected Sprague-Dawley
rats with anatase (diameter 45.87±7.75 nm; thickness 10–
15 nm) TiO2 nanoparticles at the dose of 0.2–20 mg/kg in
the knee joints on alternate days 4 times showed histopatho-
logical changes in the knee joint, and the aggregated TiO2

nanoparticles deposited and resulted in synovium hypotrophy,
lymphocyte and plasma cell infiltration and fibroblast prolif-
eration. In the TiO2-exposed synovium, oxidative damagewas
induced, expressed by glutathione peroxidase, reduced gluta-
thione, oxidized glutathione, MDA and increased SOD.
Further, lipid peroxidation was detected in the synovium
through decreased ALP and increased AST/ALT, lactate

dehydrogenase, fatty degeneration, inflammatory cell infiltra-
tion, and proteinic liquids in renal tubules and decreased blood
urea nitrogen and creatinine, which were the biochemical and
histological parameters showing the effect of TiO2 nanoparti-
cles in the liver and renal system [129].

In another study, intra-articular injection of TiO2 nanopar-
ticles in rats decreased the thickness of articular cartilage in
distal femur at 1, 7, 14 and 30 days post-exposure. There was a
strong linear correlation. TiO2 nanoparticles decreased carti-
lage thickness and cartilage volume in a time-dependent man-
ner. Oedema chondrocyte and shrunk nucleus were also ob-
served in the radial and calcified regions of the cartilage. The
degenerated chondrocytes, the condensed chromatin, the rich
mitochondria, the dilated endoplasmic reticulum and the frag-
ments of ruptured endoplasmic reticulum in the cytoplasm of
chondrocytes at day 30 post-exposure were seen. These results
point out the potential damage of articular cartilage caused by
the particles in knee joint and suggested that bio-monitoring
should be given importance in patients with prostheses re-
placement [130].

Prenatal Exposure

The gene expression involved in the development and func-
tion of the foetal central nervous system in offspring may be
affected after maternal exposure of mice to TiO2 nanoparti-
cles. Shimizu et al. [120] injected TiO2 subcutaneously into
pregnant mice on gestational days 6, 9, 12 and 15 with 100 μL
at 1 μg/μL of 25–70 nm anatase TiO2 nanoparticles. Brain
tissues obtained from male foetuses on embryonic day 16
and from male pups on postnatal days 2, 7, 14 and 21 were
analysed by cDNA microarray analysis. The expression level
of the genes related with apoptosis as well as brain develop-
ment was changed in the offspring. The genes responsible for
oxidative stress in the brain were changed in the mice age 2–
3 weeks. The expression of genes for neurotransmitters and
psychiatric diseases also changed [120].

Prenatal exposure to TiO2 nanoparticles can result in mod-
ifications in the olfactory bulb, cerebral cortex and some re-
gions closely related to dopamine systems of offspring mice
[119]. Subcutaneous injection of 0.4 mg TiO2 into pregnant
mice on gestational days 6–15 caused the genes related to the
striatum to be differentially expressed during the perinatal
period as well as the dysregulation of the genes associated
with the dopamine neuron system and prefrontal region in
the later infantile period.

Takahashi et al. [121] demonstrated in mice that maternal
exposure to TiO2 nanoparticles might influence the develop-
ment of the central dopaminergic system in offspring. The
stress during foetal life induced by prenatal exposure to TiO2

nanoparticles could be implicated in depressive-like behav-
iours in adulthood. In mice, maternal exposure to TiO2
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nanoparticles disturbed the antioxidant status and caused a
substantial oxidative damage to the nucleic acids and lipids
within the brain of newborn mice. Depressive-like behaviours
during adulthood were also observed in the sucrose preference
test and the force-swimming test [131].

Intragastric Administration

Cui et al. [132] found in their experiments that intragastric
administration of anatase (6.9 nm) TiO2 nanoparticles to fe-
male CD-1 (ICR) mice for 60 consecutive days caused hepa-
tocyte apoptosis in the liver, followed by increased accumu-
lation of reactive oxygen species (O2−, H2O2, MDA, NO) and
a decrease in stress-related gene expression levels that resulted
in increased SOD, catalase activity, glutathione peroxidase,
methoxytyramine-hydrochloride, glutathione S-transferase,
heat shock protein 70 and p53 and decreased transferrin and
cytochrome p450 1A. Intragastric administration of TiO2

nanoparticles induced liver toxicity (inflammation) in mice
in terms of hepatocyte apoptosis, histopathological changes,
accumulation of titanium and damage in the function of the
mice liver. A significant increase in the mRNA and protein
expression of Toll-like receptor-2 and TLR-4 and several in-
flammatory cytokines and a significant decrease in the mRNA
and protein expression of IκB and interleukin-2 were ob-
served [133]. When female CD-1 (ICR) mice were treated
with 5, 10 and 50 mg/kg of anatase (5 nm) nanoparticles for
60 consecutive days by intragastric administration, ALT, AST,
ALP, lactate dehydrogenase, pseudocholinesterase, leucine
acid peptide, IKK1, IKK2, NF-κB, NF-κBP52–65, tumour
necrosis factor-α, NF-κB-inducible kinase, Toll-like recep-
tor-2 and Toll-like receptor-4 were increased and IkB and
interleukin-2 were decreased. Fatty degeneration, necrosis,
apoptosis and inflammation were observed in the liver.

Wang et al. [91] treated male and female CD-1 (ICR) mice
with 5 g/kg body weight of 25, 80 and 155 nm TiO2 nanopar-
ticles with intragastric administration (oral gavage). Blood
urea nitrogen and creatinine increased by 25 and 80 nm
TiO2. These also caused proteinic liquids in renal tubules
and glomerulus swelling.

Bu et al. [92] treated male and femaleWistar rats with 0.16,
0.4 and 1 g/kg of rutile-anatase TiO2 mixture (<50 nm) once a
day for 14 consecutive days by intragastric administration.
High nuclear magnetic resonance urine analysis showed an
increase in α-ketoglutarate, hippurate, hist idine,
trimethylamine-N-oxide, taurine, citrulline, acetate,
phenylacetylglycine and citrate levels and a decrease in me-
thionine and 3-D-hydroxybutyrate levels. 1H nuclear magnet-
ic resonance serum analysis showed an increase in
t r imethylamine-N-oxide , chol ine creat ine , 3-D-
hydroxybutyrate and phosphocholine and a decrease in gluta-
mate, acetoacetate, glutathione, methionine, glutamine and

pyruvate. WBC, lymphocytes, monocytes and eosinophils
were increased. However, no alterations in histology were
observed in the liver and spleen.

Intragastric administration for 60 consecutive days with
TiO2 nanoparticles resulted in the accumulation of reactive
oxygen species in the hippocampus of mouse [134].
Intragastric administration of anatase TiO2 nanoparticles for
30 days resulted in significant increases in the accumulation of
reactive oxygen species in the mouse spleen, consequently
leading to increased lipid peroxidation and the significant ex-
pression of heme oxygenase-1 via the p38-Nrf-2 signalling
pathway [135].

Gui et al. [136] found that intragastric exposure in mice
caused modifications in the expression of genes. Most of the
genes were related to immune or inflammatory responses, cell
structure, apoptosis, oxidative stress, biological and metabolic
processes, cell cycle, ion transport, cell differentiation, signal
transduction, transcription and translation.

Intragastric treatment of 5 nm anatase TiO2 nanoparticle
caused damage in the function of the liver as a result of the
damage of the immune response and haemostasis blood sys-
tem in mice treated with a higher dose, while this effect was
very little in low-dose-treated mice. Liver functions were
disrupted in terms of increased activities of ALT, ALP, AST,
cholinesterase and lactate dehydrogenase and total protein; the
reduction of albumin to globulin ratio, triglycerides, total bil-
irubin and total cholesterol levels; the reduction in body
weight; the increased coefficients of the liver and histopatho-
logical changes in the liver. There were a decrease in red blood
cells, haemoglobin, interleukin-2 activity, white blood cells,
thrombocytes, reticulocytes, B lymphocytes, T lymphocytes
and natural killer lymphocytes and an increase in red cell
distribution width, platelets, haematocrit, NO level, mean cor-
puscular volume, mean corpuscular haemoglobin, mean plate-
let volume. Histology showed blurred hepatocytes and
congested vessels [137].

Hu et al. [138] investigated that intragastric exposure to
TiO2 nanoparticles (5 nm anatase; 0, 5, 10 and 50 mg/kg
BW; every day for 60 days) in ICR mice can potentially
impair the spatial recognition memory, which may be due to
the disturbance in trace element homeostasis, neurotransmit-
ter and enzymes in the brain. Their aim was to determine
whether exposure to TiO2 nanoparticles results in significant
changes in the function of the nervous system. Sixty days of
exposure on a daily basis caused a significant alteration in
the ion concentrations and activities in different enzymes in
the brain. The Y-maze test showed that exposure to TiO2

nanoparticles can considerably harm the spatial recognition
memory. TiO2 nanoparticles also impaired homeostasis of
trace elements, neurotransmitter systems and enzymes in
the mouse brain. There were significant changes in the con-
tents of Mg, Na, Ca, Fe, K and Zn in the brain. TiO2

nanoparticles also considerably inhibited the activities of
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Ca+2-ATPase, Ca
+
2/Mg+2ATPase, Na

+/K+-ATPase, nitric ox-
ide synthase and acetylcholine esterase. Some monoamine
neurotransmitters, e.g., norepinephrine, dopamine, 5-HT and
its metabolite 5-HIAA, significantly decreased, whereas glu-
tamate, acetylcholine and NO were significantly increased.
Another study also revealed that TiO2 nanoparticles accu-
mulate and induce reactive oxygen species in mouse hippo-
campus, cause hippocampal apoptosis and impair spatial
recognition memory in mice. Caspase-3 and caspase-9 were
activated, Bcl-2 was inhibited and the levels of Bax and
cytochrome c were promoted significantly [134].

The findings of Sang et al. [139] suggest that long-term
(90 days) intragastric exposure to low-dose TiO2 nanoparti-
cles may result in spleen injury, significant increase in the
spleen indices, histopathological changes, splenocyte apopto-
sis and reduction of immune capacity, due to alteration of
inflammatory and apoptotic cytokine expression and de-
creased immunoglobulin, blood cells, platelets, haemoglobin
and lymphocyte. Intragastric exposure to 5–6-nm-sized TiO2

nanoparticles at the dose of 2.5, 5 and 10 mg/kg every day for
90 days caused chronic spleen injury in ICR mice [139]. This
also led to decreased blood cells, platelets, lymphocyte subsets
(e.g. CD3, CD4, CD8, B cell, natural killer cell),
haemoglobin, immunoglobulin and Bcl-2 and heat shock pro-
tein 70 expression and increased levels of necrosis factor-κB,
tumour necrosis factor-α, interleukin-2, IL-4, IL-6, IL-8, IL-
10, IL-18, IL-1β, cross-reaction protein, transforming growth
factor-β, interferon-γ, Bax and CYP1A1 expression. Long-
term exposure to low-dose TiO2 nanoparticles may cause
spleen injury, due to change in the expression of inflammatory
and apoptotic cytokines and reduced immune capacity.

Li et al. [144] treated female CD-1 (ICR) mice with anatase
TiO2 at the dose of 5, 10, 50, 100 and 150 mg/kg for 14
consecutive days by intra-abdominal injections and observed
a dose-dependent increase in Ti liver content and TiO2 bound
on DNA, causing changes in DNA conformation and induced
DNA cleavage.

Gui et al. [136] evaluated the nephrotoxicity, distribution,
oxidative stress and gene expression profile in kidney using
whole-genome microarray analysis technique in mice with
intragastric exposure and found a significant decrease in the
number of renal glomerulus, infiltration of inflammatory cells,
tissue apoptosis and necrosis of renal tubules, reduction in
body weight, unbalanced element distribution, increased kid-
ney indices, reactive oxygen species production and lipid per-
oxidation, and protein and DNA peroxidation in the renal
tissue of mouse. Most of the genes were related to inflamma-
tory or immune responses, apoptosis, cell structure, biological
and metabolic processes, oxidative stress, ion transport, cell
cycle, signal transduction, transcription, translation and cell
differentiation [136].

Intragastric administration of TiO2 nanoparticles reduces
fertility and causes injury of mouse ovaries. TiO2

nanoparticles deposited in the ovary result in a significant
reduction in body weight, relative weights of the ovaries and
fertility, alterations in haematological and serum parameters
and levels of sex hormones, increases in atretic follicles, in-
flammation and necrosis. In addition, exposure to TiO2 nano-
particles resulted in marked alterations in the expressions of
proteins and enzymes [140].

Abdominal/Intra-abdominal Exposure

Abdominal exposures of mouse to anatase TiO2 nanoparticles
caused oxidative stress and nephritis to the kidney.
Coefficients of the kidney increased and titanium accumulated
in the kidney. Histopathological changes in the kidney and an
increase in the generation of reactive oxygen species and lipid
peroxidation were observed. Antioxidants such as glutathione
and ascorbic acid decreased. Activities of superoxide dismut-
ase, catalase, ascorbate peroxidase and total antioxidant ca-
pacity were also decreased. In addition, the increase of creat-
inine, calcium and phosphonium and the reduction of uric acid
and blood urea nitrogen represented the disrupted kidney
functions [141].

Ma et al. [115] treated female CD-1 (ICR) mice with ana-
tase TiO2 (5 nm) and bulk rutile TiO2 (10–15 μm) at the dose
of 5–150 mg/kg body weight anatase TiO2 nanoparticles and
150 mg/kg bulk TiO2 every day for 14 days by intra-
abdominal injections. Biochemical serum parameters showed
t h a t ALT, ALP, AST, l a c t a t e d ehyd r og en a s e ,
pseudocolinesterase, leucine acid peptide, total cholesterol
and high-density lipoprotein cholesterol were increased by
both particles, while albumin, globulin and triglycerides were
increased and low-density lipoprotein cholesterol decreased
by anatase TiO2. Histology revealed basophilia, ischemia
and vein congestion (both TiO2) and apoptosis induced by
anatase TiO2. Inflammatory action was obvious from the in-
creased NF-κB, migration inhibitory factor, tumour necrosis
factor-α, interleukin-6, interleukin-1β, cross-reaction protein,
interleukin-4 and interleukin-10 by anatase TiO2. Liu et al.
[114] treated female CD-1 (ICR) mice with anatase nanopar-
ticles (5 nm) and bulk rutile (10–15 μm) at the dose of 5–
150 mg/kg anatase TiO2 and 150 mg/kg bulk TiO2 every
day for 14 days using intra-abdominal injections. Uric acid
and blood urea nitrogen were decreased by both TiO2. Zhao
et al. [140] treated mice with anatase TiO2 nanoparticles by
intra-abdominal injections. Decreased creatinine and Ca2+; in-
creased phosphonium, blood urea nitrogen and uric acid; in-
creased ROS and lipid peroxidation; and decreased SOD, cat-
alase, ascorbate peroxidase, total antioxidant capacity, gluta-
thione and ascorbic acid content were observed.

Similarly in another study, Ma et al. [116] found that 5 nm
anatase TiO2 nanoparticles for 14 days injected to the abdom-
inal cavity translocate to and accumulate in the brain and
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cause brain injury in mice. Neurons may turn into filamentous
shapes or inflammatory cells. The accumulation of nanoparti-
cles was dose dependent. The oxidative stress and injury of
the brain takes place as anatase TiO2 nanoparticles can trigger
a series of reactions like lipid peroxidation, decreases in total
antioxidation capacity and antioxidative enzyme activities, re-
duction of glutamic acid, excessive release of nitric oxide and
the down-regulated level of acetylcholinesterase activities.

Mohamed [142] injected 500, 1000 and 2000 mg/kg body
weight suspension of nanoparticles for five consecutive days
into the abdominal cavity and examined genotoxicity, muta-
genicity and apoptosis in p53 exons (5–8) and myocardial
cells. Comet assay showed highly significant tail length,
%DNA in tail and tail moment in a dose-dependent manner.
Smeared DNA and apoptotic fragmentized laddered also ap-
peared on agarose gel. The heart of TiO2 nanoparticle-treated
groups had abnormal pathology increasing gradually with in-
creasing titanium dose as shown by the appearance of diffuse
muscle hyalinosis and congested blood vessel in the low TiO2

group (500 mg/kg); diffuse muscle hyalinosis, diffuse muscu-
lar edema, haemorrhage and focal leucocytic infiltration in the
medium TiO2 group (1000 mg/kg); and Zenker’s necrosis of
muscles with mononuclear cell infiltration in the high TiO2

group (2000 mg/kg).
Jeon et al. [143] demonstrated the protein profile alterations

in mouse brain. TiO2 nanoparticles changed the expression
levels of 11 proteins by more than 2-fold (up-regulation of
eight proteins and down-regulation of three portions) and re-
duced the activities of a number of antioxidative enzymes and
acetylcholine esterase in the brain. However, no TiO2 nano-
particles were identified in the brain.

Li et al. [144] injected 5, 10, 50, 100 and 150 mg/kg body
weight anatase TiO2 nanoparticles into the abdominal cavity
of mice everyday for 14 days. The weights of the livers in the
mice which were treated with higher concentrations of TiO2

nanoparticles significantly increased. TiO2 nanoparticles ac-
cumulated in the DNA of the liver and were placed into DNA
base pairs or bound to DNA nucleotides with three atoms of
oxygen or nitrogen and two atoms of phosphorous of the
DNA. The bond length of the Ti–O(N) and Ti–P were 1.87
and 2.38 Å, respectively. The nanoparticles changed the con-
formation of the DNA. The gel electrophoresis revealed that a
higher dose of TiO2 nanoparticles caused liver DNA cleavage
[144].

In Vitro Studies

Since in vitro studies may be helpful in the prediction of acute
toxicity, a few are mentioned here. The detailed discussion on
in vitro studies and genotoxicity and carcinogenicity of the
TiO2 nanoparticles will be studied in our separate review pa-
per. The effect of TiO2 nanoparticles on erythrocytes wasT
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examined by Li et al. [145]. The TiO2 nanoparticles caused
abnormal sedimentation, haemagglutination and dose-
dependent haemolysis of erythrocytes unlike TiO2 fine parti-
cles. Another study onwashed human erythrocytes after 37 °C
incubation for 1 h reported haemolysis caused by TiO2 fine
particles 73 times greater than nanoparticles [146]. However,
the haemolysis was inhibited by plasma, which indicated the
prevention of haemolysis in vivo due to the presence of plas-
ma. In another study on mouse macrophages (Ana-1 and MH-
S cells) administered with anatase 5-, 10-, 25- and 100-nm-
sized TiO2 nanoparticles, low toxicity was induced to MH-S
cells [147]. Another study found that 25- and 80-nm-sized
TiO2 nanoparticles at the concentrations of 10, 20, 40 and
80 mg/L for 24-h exposure inhibited intracellular communi-
cation via gap junction between lung fibroblasts [148].
Several in vitro studies also showed the toxicity of TiO2 nano-
particles on circulatory system cells.

Adachi et al. [149] also found no penetration of TiO2 nano-
particles into viable cell layers or any cellular changes biolog-
ically. They used skin exposed to water/oil emulsion contain-
ing 10 % by weight ultrafine TiO2 particles. The skin showed
no morphological and immunohistochemical alterations by
light microscopy. Electron microscopy showed the localiza-
tion of most TiO2 nanoparticles in the keratinized layer of
follicular infundibulum and the interfollicular stratum
disjunctum. Energy-dispersive X-ray spectrometry confirmed
no TiO2 nanoparticles in the viable skin. Furthermore, light
microscopy or low-vacuum scanning electron microscopy
with EDX showed a specific affinity of TiO2 nanoparticles
to the follicular opening area.

In another in vitro study, similar results were found by
Miquel-Jeanjean et al. [150] evaluating cutaneous penetration
and localization of TiO2 nanoparticles included in a sunscreen
containing the nanoparticles with ≥20 nm primary size applied
for 24 h. Ti was deposited 102.35±4.20 % in intact skin and
102.84±5.67 % in damaged/irradiated skin in the surface and
stratum corneum. Only 0.19±0.15 % nanoparticles were
found in the viable epidermis and 0.39±0.39 % in the dermis.
No Ti was found in the receptor fluid. From this study, it may

be concluded that TiO2 nanoparticles incorporated in sun-
screens stay in the topmost layers of the stratum corneum in
intact skin and even in damaged or irradiated skin with simu-
lated solar radiation.

Braydich-Stolle et al. [151] using a model of HEL-30
mouse keratinocyte cell line in vitro demonstrated that both
crystal structure and size of the TiO2 nanoparticles contributed
to cytotoxicity. The crystal structure influences themechanism
of cell death. The results showed that pure anatase TiO2 nano-
particles initiated cell necrosis regardless of size, and the rutile
TiO2 nanoparticles induced apoptosis bymeans of the produc-
tion of ROS.

Nemmar et al. [61] have shown in vitro that intratracheal
instillation dose-dependently reduced cellular viability of hu-
man lung cancer cells and human hepatoma cells. The rutile
Fe-TiO2 caused direct toxicity on human lung cancer cells and
human hepatoma cells. Nemmar et al. [61] also showed
in vitro in Wistar rats that intratracheal instillation significant-
ly and dose-dependently induced platelet aggregation. It af-
fects the liver and increases thrombotic potential, systolic
blood pressure and heart rate. Male Wistar rats exposed to
rutile Fe-doped (9 %) pure TiO2 nanorods (length 80 nm;
diameter 7 nm) at 1 and 5 mg/kg by intratracheal instillation
displayed changes in cardiovascular parameters like increased
heart rate and systolic blood pressure.

Savi et al. [152] showed both in vivo and in vitro that acute
exposure to TiO2 nanoparticles alters acutely cardiac excit-
ability and increases the chances of arrhythmic events.
In vivo, on a single intratracheal dose of 2 mg/kg of TiO2

nanoparticles in saline solution, cardiac conduction velocity
and tissue excitability increased, resulting in an increased ten-
dency for inducible arrhythmias. Computational modelling of
ventricular action potential pointed out that a membrane leak-
age can explain the effects induced by the nanoparticles mea-
sured on real cardiomyocytes.

In a study by Wang et al. [153], about 30 % of the
TiO2 nanoparticles entered into neural stem cells after
48 h of incubation with 50 and 30 nm and nanotubes
100 nm×4–6 nm regardless of the type and dose of the

Table 9 TiO2 exposure through the reproductive system

Reference Model animal/sex/age NP size/type Dose Exposure
(organs/tissues)

Observations/results/inference

Takeda et al. [118] Pregnant Slc:ICR mice Anatase TiO2

(25–70)
100 μL of TiO2 at

1 mg/mL at 3, 7,
10 and 14 days
post-coitum

Subcutaneous
injections

Reproductive effects:
disorganised and disrupted
seminiferous tubules, few
mature sperm, decreased sperm
production, epidididymal sperm
motility, number of Sertoli cells

Guo et al. [107] Male mice 6 weeks 200 and 500 mg/kg
every other day
for 5 times for a week

Intraperitoneal
injections

Reproductive effects: reduced sperm
density and motility, increased sperm
abnormality and germ cell apoptosis
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nanoparticles. When the TiO2 nanoparticles were re-
moved from the culture medium, about 35 % 50 nm
TiO2 nanoparticles, 34.6 % 30 nm TiO2 nanoparticles
and 41.7 % of nanotubes were released by exocytosis
from the cells within the first 24 h. The release was
decreased over time and became negligible at 72 h.
During cell division, exocytosis did not occur.
Furthermore, the study also suggested that both endocy-
tosis and exocytosis of TiO2 nanoparticles were energy-
dependent processes and that the serum proteins influ-
enced the uptake of the nanoparticles by cells. In a
similar study, Wang et al. [154] demonstrated that tita-
nia nanotubes (TiO2-NTs) passed through the karyotheca
entering the mouse neural stem cell nucleus after co-
incubation for 48 h.

Conclusion

In summary, the acute toxicity of TiO2 nanoparticles has been
studied frequently in rat and mouse models through various
exposure routes of administration (Tables 1, 2, 3, 4, 5, 6, 7, 8
and 9). The number of studies performed on the respiratory
system prevails over the other exposure routes. Studies about
the effects of TiO2 nanoparticles on the pulmonary system
showed both local and systemic effects and intensified the
pre-existing symptoms. TiO2 nanoparticles administered
through the lung cause more inflammatory responses as com-
pared to the fine particles of similar chemistry at equal dose
concentrations. However, TiO2 nanoparticles and TiO2 fine
particles induced similar pulmonary inflammation on the basis
of equal particle surface area. The results from the other routes
of exposure cannot be ignored. For example, research studies
make evident the absorption of the TiO2 nanoparticles from
the lungs or gastrointestinal tract into systemic circulation and
distribution to different organs like the kidneys, liver, spleen
or even the brain and induce organ injuries and inflammations.
However, most of the doses used in the studies are too high to
be implied on occupational situations. A number of in vitro
studies also demonstrate the effects of TiO2 nanoparticles on
the blood circulatory system.
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