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Abstract

Titanium dioxide (TiQ) nanoparticles (NPs) are manufactured worldwide in large d
for use in a wide range of applications. Ti®Ps possess different physicochemijcal
properties compared to their fine particle (FP) analogs, whiclhtnaiger their bioactivity]
Most of the literature cited here has focused on the respiraygsiem, showing the
importance of inhalation as the primary route for JNIP exposure in the workplace. i
NPs may translocate to systemic organs from the lung and gésstoial tract (GIT
although the rate of translocation appears low. There have alssthdess focusing on other
potential routes of human exposure. Oral exposure mainly occurs thfooghproduct
containing TiQ NP-additives. Most dermal exposure studies, wheithesivo or in vitro,
report that TiQ NPs do not penetrate the stratum corneum (SC). In the field of
nanomedicine, intravenous injection can deliver ;Ti@noparticulate carriers directly irnto
the human body. Upon intravenous exposure,, TNBs can induce pathological lesiong of
the liver, spleen, kidneys, and brain. We have also shown here that rtfeeteotffects may

be due to the use of very high doses of ;TKIPs. There is also an enormous lack of
epidemiological data regarding TAONPs in spite of its increased production and use.
However, long-term inhalation studies in rats have reported lung turiibis revie
summarizes the current knowledge on the toxicology ot NBs and points out areas whgre
further information is needed.




Keywords

Titanium dioxide, Nanoparticle, Toxicology, Toxicokinetics, Acute toxicity,dDig toxicity,
Genotoxicity, Reproductive toxicity, Carcinogenicity

Introduction

With the development of nanotechnology, there has been a tremendous grotkin
application of NPs for drug delivery systems, antibacteridenads, cosmetics, sunscreens,
and electronics [1,2]. In October 2011 the European Union defined nanomadarials
natural, incidental or manufactured material containing particiea) unbound state or as an
aggregate or agglomerate; where 50% or more of the particles exhibited, one extaoral
dimensions in the size range 1-100 nm [3]. Others have defined NBgets avith at least
one of their three dimensions in the range of 1-100 nm [4,5]. NPs Hgneoasess
dramatically different physicochemical properties compacedine particles (FPs) of the
same composition. The smaller size of NPs ensures that aplargen of atoms will be on
the particle surface. Since surface properties, such as degsglyelectronic structure, and
reactivity are quite different from interior states, the biwégtof NPs will likely differ from
that of the fine size analogue.

Traditionally, TiG FPs have been considered poorly soluble, low toxicity particles [B€].

to this reason, they have been traditionally used as a “negativeltamtmanyin vitro and

in vivo particle toxicological studies [8]. However, this view waslleinged after lung
tumors developed in rats after two years of exposure to high costoemsr of fine TiQ
particles [9]. The International Agency for Research on Cafi@gdRC), therefore, has
classified TiQ as a Group 2B carcinogen (possibly carcinogenic to humans) [10]. However
the tumorigenic effect of fine TiChas been questioned and attributed to lung overload rather
than specific carcinogenicity of fine Ti(Q7]. In recent years, TiONPs have been widely
used in industrial and consumer products due to their stronger catatyivity when
compared to TiIQFPs. This increase in catalytic activity has been attubtateheir smaller
sizes, which has allowed for larger surface area per unit i@asserns have been raised that
these same properties of LI@Ps may present unique bioactivity and challenges to human
health [11,12]. The rapid growth in the number of published studies corthahshere is a
high level of interest concerning the safety of 7NXIPs. Different animal models employing
multiple exposure routes of administration, including inhalation, derm@dsere, intra-
tracheal instillation, oral gavage, intragastric, intraperitormeahtravenous injection have
been intensively used in these studies. Studies have revealedQbdiFs are more toxic
than FPs [8,13,14]. Oberdors&ral [15] reported that TIONPs (21 nm) caused a greater
pulmonary inflammatory response than 7i@ same mass burden, with greater amounts of
TiO, NPs entering the alveolar interstitium in the lungs. Sageal [16] have reported
similar results after intra-tracheal instillation of weitpersed suspensions of Ti®IPs
(80/20 anatase/rutile; 21 nm, P-25) and JEPs (100% rutile; dm) in rats. On an equal
mass burden, nano Ti@as 40 fold more potent in inducing lung inflammation and damage
at 1 and 42 days post-exposure than fine,Tidowever, respective potencies were not
significantly different when dose was expressed on the basisabktoface area of particles
delivered to the lung.

Wide application of TiQ NPs confers substantial potential for human exposure and
environmental release, which inevitably allows for a potential ieasik to humans,



livestock, and the eco-system [17]. This paper will focus mainly oremuknowledge
concerning the toxicology of TEONPs. Studies done with mixtures of BiPs with other
compounds and studies that have focused on aquatic ecosystems and the environment will not
be discussed in this review. Even though the nanoparticle (NP) sizeceasly been defined

as <100 nm, we have also included some studies that have defined pertiglthat are >100

nm as NPs. The molecular mechanisms of carcinogenesialsallbe reviewed, to address
health concerns regarding carcinogenesis due to particle exposure.

Chemical and physical properties

Titanium (Ti), the ninth most abundant element in the earth's susiglely distributed. The
average concentration of Ti in the earth's crust is 4400 mg/kingQw its great affinity for
oxygen and other elements, Ti does not exist in the metailte s nature. The most
common oxidation state of Ti ig}, but*3 and*2 states also exist. Metallic Ti, TiDand
TiCl, are the compounds most widely used in industry., T@AS-No. 13463-67-7), also
known as titanium (IV) oxide, titanic acid anhydride, titanianttaanhydride, or Ti white, is
the naturally occurring oxide of Ti. Tgds a white noncombustible and odorless powder with
a molecular weight of 79.9 g/mol, boiling point of 2972°C, melting point of 1843i€, a
relative density of 4.26 g/chrat 25°C. TiQ is a poorly soluble particulate that has been
widely used as a white pigment. Anatase and rutile are tysiatrstructures of Ti@ with
anatase being more chemically reactive [18,19]. For examples8&agl [19] reported that
NPs (80/20; anatase/rutile, 3-5 nm; 10§/ml) generated 6 fold more reactive oxygen
species (ROS) than rutile after UV irradiation. Indeed, @eatgenerates ROS when
irradiated by UV light [19]. It has been suggested that,TaBatase has a greater toxic
potential than TiQ rutile [20,21]. However, anatase-generated ROS does not occur under
ambient light conditions. TiONPs are normally a mixture of anatase and rutile crystaid.
The principal parameters of particles affecting their physiengcal properties include
shape, size, surface characteristics and inner structurg FIP©(the rutile form) are believed
to be chemically inert. However, when the particles become gssigely smaller, their
surface areas, in turn, become progressively larger, and glesesathave also expressed
concerns about the harmful effects of 7i®@Ps on human health associated with the
decreased size [22,23]. Surface modification such as coating, irdkiéme activity of TiQ
NPs. For example, diminished cytotoxicity was observed when tfecewf TiQ NPs was
modified by agrafting-to polymer technique combining catalytic chain transfer and thiol-ene
click chemistry [24]. Another study confirmed the effect of swfaoating on biological
response endpoints of TiQIPs [25].

In conclusion, TiQ NPs possess different physicochemical properties compaie@4d¢-Ps.
These properties likely influence bioactivity. Based on this fabterse health effects and
environmental bio-safety of TEONPs should be carefully evaluated even if JEPs have
been demonstrated to have low toxicity. It is recommended thaarceses carefully
characterize the physicochemical properties o, N®s not only in the bulk form but also as
delivered to the test system.

Uses

TiO; is a white pigment and because of its brightness and very higbtredrindex it is most
widely used. Approximately four million tons of this pigment are coreslmannually
worldwide [26]. In addition, Ti@ accounts for 70% of the total production volume of
pigments worldwide [27], and is in the top five NPs used in consumer psof@8}. TiO,



can be used in paints, coatings, plastics, papers, inks, medicirgsiapbkuticals, food
products, cosmetics, and toothpaste [29-31]. It can even be usedgaseatpio whiten skim
milk. TiO, NPs are also used in sunscreens [32]. In addition; M& long been used as a
component for articulating prosthetic implants, especially fohtheand knee [33,34]. These
implants occasionally fail due to degradation of the matemalhe implant or a chronic
inflammatory response to the implant material [35].

Currently, TiQ NPs are produced abundantly and used widely because of theirdbgityst
anticorrosive and photocatalytic properties [4]. Some have attriboigethtreased catalytic
activity to TiO, NPs to their high surface area, while others attribute i@ NPs being
predominantly anatase rather than rutile [18,19].,TN®s can be used in catalytic reactions,
such as semiconductor photocatalysis, in the treatment of watangoated with hazardous
industrial by-products [36], and in nanocrystalline solar cella peotoactive material [37].
Industrial utilization of the photocatalytic effect of Li®Ps has also found its way into other
applications, especially for self-cleaning and anti-fogging purposesasusgif-cleaning tiles,
self-cleaning windows, self-cleaning textiles, and anti-foggargnarrors [38]. In the field of
nanomedicine, TiIQ NPs are under investigation as useful tools in advanced imaging and
nanotherapeutics [37]. For example, TiONPs are being evaluated as potential
photosensitizers for use in photodynamic therapy (PDT) [39]. In addiumgue physical
properties make TiONPs ideal for use in various skin care products. Nano-preparatitins
TiO, NPs are currently under investigation as novel treatments figr \adgaris, recurrent
condyloma accuminata, atopic dermatitis, hyperpigmented skionksiand other non-
dermatologic diseases [40]. TAONPs also show antibacterial properties under UV light
irradiation [37,41].

Exposure routes and limits

Ti occurs in tissues of normal animals but only in trace amod@js There is no evidence of
Ti being an essential element for human beings or animals. Té@pound concentration
in drinking water is generally low. A typical diet may contrib@@0-400ug/day. TiQ
particles are produced and used in varying particle sizeidnactincluding fine
(approximately 0.1-2.5m) and nanosize (<0dm, primary particles) [43]. Human exposure
to TiO, NPs may occur during both manufacturing and use; NBs can be encountered as
aerosols, suspensions or emulsions. The major routes aof NFD exposure that have
toxicological relevance in the workplace are inhalation and desxmosure. It is reported
that more than 150 items of “manufacturer-identified nanotechnologgbegesumer
products would have long term dermal contact. The most common nanolsdtariad in
consumer products for dermal application are,;NP’s [2]. TIQ NPs are also widely used
for toothpaste, food colorants and nutritional supplements. Therefore, padueg may
occur during use of such products. In a recent study by &eit [44] found that candies,
sweets and chewing gums contained the highest amount ginri®e scale of <100 nm. In
nanomedicine, intravenous or subcutaneous injection of ma&do particulate carriers is a
unique way to deliver Ti@NPs into the human body [45]. In cases where, NBs were
embedded into products such as household paint, they have been shown to benfegs ha
unless liberated by sanding [46].

The United States Food and Drug Administration (FDA) approved @€a food color
additive with the stipulation that the additive was "not to exceedy %ody weight (BW) ".
TiO, was also approved by the United States FDA as a “food d¢osubstance” in food
packaging [47]. Due to the differences in the physicochemicalepiep of TiQ FPs and



NPs exposure and toxicity information for LiGIPs is needed to develop exposure limits
specific for TiQ NPs.

Te American Conference of Governmental Industrial Hygienists (AE8Gas assigned TiO
FPs (total dust) a threshold limit value (TLV) of 10 mi/as a time weighted average
(TWA) for a normal 8 h workday and a 40 h workweek [48]. Permissibpb@saxe limit
(PEL)-TWA of the Occupational Safety & Health Administoati OSHA) for TiQ FPs is 15
mg/nt [49]. In November 2005, the United States National Institute for Otiomaa Safety
and Health (NIOSH) proposed a recommended exposure limit (REL)i@ NPs at 0.3
mg/nt, which was 10 times lower than the REL for TiEPs [50]. In the “Risk Assessment
of Manufactured Nanomaterials Ti@xecutive Summary” compiled by the New Energy and
Industrial Technology Development Organization (NEDO) in Japargadbeptable exposure
concentration of TIOQNPs was estimated to be 1.2 mgas a TWA for a 8 h workday and a
40 h workweek [51]. The no observed adverse effect level (NOAELPRE TiQ was
extrapolated to be around 1.2 md/raspirable dust as TWA in the case of a hypothetical 8-
hour day, 5-day working week.

Worker exposure is possible during the handling process. However, asstoaed that
exposure during handling, transferring, bagging, mixing, and oven cleansmgeliabelow
the currently established limits [52]. Le¢ al. [53] monitored the occupational exposure at
workplaces in Korea that manufacture TiBPs. Personal sampling, area monitoring, real-
time monitoring, and dust monitoring were conducted at workplaces wher&orkers
handled TiQ NPs. The gravimetric concentrations of 7i8Ps ranged from 0.10 to 4.99
mg/nt. The particle numbers concentration at the ,TNIPs manufacturing workplaces
ranged from 11418 to 45889 particlesfcwith a size range of 15-710 nm. Occupational
exposure to engineered nanomaterial oxides could be effectiviiige® by proper local
exhaust ventilation (LEV), filtration, containment, and good work practices [54].

In conclusion, the primary route of occupational exposure for, W®s is inhalation.
Consumer inhalation is also possible during application of antimicrspraly containing
TiO, NPs. Oral exposure may occur through food products which contapNR&dditives.
Dermal contact may occur through applications of cosmetics andreensc Intravenous
injection of TiQ, NPs would occur in medical application. Further information is needed
regarding airborne exposure levels of TiNPs in the workplace and what processes are
associated with high NP releases. It is recommended that warkplgosure assessment
evaluate airborne mass particle concentrations, particle countsjzandistribution of TiQ
NPs. To date, the consumer or environmental exposure data ferNR® is inadequate.
Therefore, it is recommended that exposure assessment be noadgdort the life cycle of
products containing TiONPs.

Toxicokinetics

Toxicokinetics is the description of the rate at which a subst@fi©, NPs) enters the body
through different exposure routes and its fate after enteringbtuy. The level or
concentration of TIQNPs in the body system depends on the rate (or kinetic) of alosprpti
distribution, metabolism, and excretion of Ji®IPs. These processes may occur after
exposure through inhalation, ingestion, dermal contact, and intraperition@aravenous
injection. The toxicokinetics of TiONPs will be discussed in terms of the different kinetics.



Absorption

Following deposition of NPs at the initial site of exposure, absor@nd translocation to
systemic sites is a critical step in toxicokinetics. bften defined as migration of the NP to
distal organs. For instance, at what rate are, N®s absorbed through the GIT, the skin
(dermal), pulmonary system, or other exposure sites, as with intraseexposure, intra-
peritoneal exposure, or subcutaneous exposure.

Gastrointestinal absorption

GIT may be an important absorption route for FIIPs since drug carriers, food products,
water and liquid beverages may contain JNPs [55,56]. In the field of nanomedicine, the
GIT uptake of NPs has been the subject of recent efforts to deviédopve carriers that
enhance the oral uptake of drugs and vaccines [57} FR3 (rutile; 500 nm; 12.5 mg/kg)
have been shown to systemically translocate to other tissuesthieomat GIT [58]. TiQ
particle uptake in GIT was proposed to take phaeethe peyers patches, due to the high
presence of TiQFPs in the lymphoid tissues. TAi®Ps have also been shown to be absorbed
from the GIT (25, 80 and 155 nm; 5 g/kg BW, single oral dose; ni&d) TiO, NPs may be
absorbed through the GIT through the lymphoid tissues surrounding it. Howsewss the
dose used in this study was high high, the extent of absorption undeanteleuman
exposures is in question.

Dermal absorption

Dermal absorption of TI©ONPs is of interest because many consumer products, such as
cosmetics and sunscreens may contain, NBs. The outer skin of human beings consists of
a tough layer of SC that is difficult for inorganic partictespenetrate. Theoretically, only
those materials with an appropriate octanol/water partition iceft and low molecular
weight (<ca. 500) should penetrate the intact human skin through th&h&€fore, it is
unlikely that inorganic particles would penetrate the intact skin umatenal conditions [60].

It is worth noting that although cosmetics and sunscreens contdiitdagire normally used
on intact skin. Slight injuries to skin can occur under certasumstances, such as physical
force or sunburn. Thus, skin penetration studies of, p@ticles are usually investigated
vivo andin vitro with both intact skin and stripped skin which mimics an injured skin [60]
Several studies have investigated dermal penetration byNFS. Some of these studies [61-
65] concluded that Ti©ONPs did not penetrate the intact human skin. Seetzal [60]
investigated the skin penetration of four types of rutile;Tp@rticles (35 nm non-coated, 35
nm coated, 100 nm almina and silicon coated, and 250 nm non-coated) troirg&gped
skin of Yucatan micropig# vitro (2 pl suspension, 1cfrskin area). Results demonstrated
that TiG, particles did not penetrate viable skin, even though the partrgdensis less than
100 nm and the SC was damaged. Further observation with scannitigreleeroscopy
(SEM) showed that although some Ti@articles had lodged into vacant hair follicles, it did
not penetrate the dermis or viable epidermis. Similar resulis wietained previously by
Lademanret al [66], showing no penetration into live tissue. Tape stripping witlesidéa
tape is a widely accepted method to examine the localizatiodliamibution of substances
within the SC [67]. Taret al [68] investigated a sunscreen containing 8%,MNPs (10-50
nm) applied twice a day for 2—6 weeks on the skin of human voluntgersalage 59-82 yr)
and evaluated the epidermal penetration of, TN®s into the epidermis using tape stripping.
They found that levels of TYONPs in the epidermis and dermis of subjects who applied TiO
NPs to their skin were higher than the levels of ;,TNIPs found in controls. However, they



pointed out that a larger sample size would be necessary bdigsié this difference was
significant. It is also worth noting that the morphology of the Sé@mifamong different age
groups, which also influences the results. Bennat and Miller-Goyjé®hirshowed that
TiO, NPs penetrated hairy skin when applied as an oil-in-water emulBhey evaluated
skin penetration of TIONPs (20 nm, formulations with 5% TiQIPs) applied to human skin
either as an aqueous suspension or as oil-in-water emulsion usiagehsripping method.
The results suggest that TLIQIPs maybe able to penetrate the surface through hair follicles
or pores. However, no details were given regarding the fate phttieles that did penetrate.
TiO, NPs were also found to have no skin carcinogenesis promoting eftext® lack of
penetration through the epidermis [70,71] (details given in the sedti@marcinogenecity).
Another study utilizing the time of flight secondary ion masscspmetry (TOF-SIMS)
showed the presence of silica coated ;TNIPs (rutile; 14-16 nm) within epidermis and
superficial dermis [72]. They concluded that ultraviolet-B (U\dBmaged skin (pigs; UVB
sunburn; 25Qul of each sunscreen formulation) slightly enhanced, NPs penetration in
sunscreen formulations but they did not detect transdermal absorption.

Similar results were obtained in amvitro study [73]. In this study the cutaneous penetration
and localization of TIQNPs £20 nm primary size; 24 h sunscreen application), included in a
sunscreen was evaluated in intact, damaged, irradiated, arebe@imradiated pig skin.
Quantitative analysis was done using an inductively coupled plasnsa-$pastrometry,
gualitative analysis done using transmission electron microscbpM) and elemental
identity of the NPs was evaluated by TEM-coupled Energy Disgebds-ray (TEM-EDX)
analysis. In intact and damaged/irradiated skins, 102.35+4.20% and 102.84+5.67% of the Ti
was deposited, respectively, at the surface and SC, whereas only 0.19x8rb%
0.392£0.39% were found in the viable epidermis and dermis. No Ti was atbtectthe
receptor fluid. TEM-EDX analysis confirmed the presence of, N®Bs at the SC surface, as
already characterized in the sunscreen formulation. They codcthde TiQ NPs included

in a sunscreen remain in the uppermost layers of the SC, insktactompromised skin, or
skin exposed to simulated solar radiation. Figpeal [74] also noted that in normal human
skin TiO, NPs were unlikely to penetrate the SC towards the underlyirgtirkecytes
(coated 20 nm; 2 and 48 h).

One study found that T¥ONPs could possibly penetrate the SC depending on the particle
coating and skin with or without hair. However, their claims may bstoueed, due to lack

of data on systemic evaluation of the NPs that did penetraghApart from this, it should

be noted that most other studies reported thas WNis did not penetrate into live tissue from
the deposition sites. Therefore, it can be concluded that Wi&s are not systemically
available to a significant extant after dermal exposure.

Pulmonary absorption

The pulmonary system consists of the upper respiratory tract @rabenasal passages,
paranasal sinuses and pharynx) and the lower respiratory maetx( trachea, bronchi and
lungs). Here we include studies done through inhalation, intratraictséédlation and intra-
nasal (oro-pharyngeal) exposure.

Inhalation exposure

Inhalation is one of the major routes for Fi®Ps to gain entry into the human body
especially in occupational settings. Numerous studies have usedtimmals the exposure



route to determine the toxicokinetics and cyto- or genotoxicity of NRs. The limit for FPs
in the air is 5Qug/m® for an average human of 70 kg [75].

Figure 1 shows the particulate distribution of Ti@articles by size through the different
regions of the respiratory tract after inhalation.

Figure 1 Particulate distribution of TiO ; particles by size through different regions of
the respiratory tract. This diagram was derived from an explanation of particulate
distribution after inhalation given by Simko and Mattsson [75]. Arrows represent dodnw
movement of particles through the respiratory tract. Most particles in theasige of 1-5
nm are distributed throughout the three regions. 1 nm and 20 nm particles are mostly
distributed in the nasopharyngeal region and alveolar regions respectively. Orb-10
particles remain on the epithelial surface of the airways and alveoli.

Human data related to absorption through inhalation of NBs are currently not available.
However, there are quantitative data available from rodent stitégsMuhlfeld et al[77]
suggested that a small fraction of Fi®Ps (20 nm; 1 and 24 h; dose ranges differed
according to compartment size) are transported from the ailwagn of adult male
WKY/NCrl BR rats to the interstitial tissue and subsequerglgased into the systemic
circulation.

Intratracheal instillation

Intratracheal instillation is a technique where single or repeabses of precise volumes of
particulate suspensions are administered directly to the lungsould be noted that there
may be significant differences in distribution, clearance, arédntien of materials
administered by intratracheal instillation, especially at Higlus doses, compared to low
dose rate inhalation. Although, inhalation studies are considered e lgeltl standard, data
from intratracheal instillation studies can be used for hazaesssent [78]. Saget al [16]
reported that a significant portion of deposited JJNPs (21 nm) migrated to the interstitial
space by 42 days after intratracheal instillation in rai®, NPs migrated to the alveolar
interstitium to a significantly greater extent than FiEPs after either inhalation exposure
[15] or intratracheal instillation [16]. Another study found thaR@&tdays after instillation, a
small fraction of pulmonary TiONPs were able to access the blood circulation and reach
extrapulmonary tissues such as liver and kidneys [79].

Intranasal exposure

Breathing is mostly done through the nose, and is termed nasdlibhgedthe nasal cavity
has two segments, the respiratory segment and the olfactoryersegihe respiratory
segment is lined with ciliated pseudostratified columnar epitheliunas a very vascularized
lamina propria allowing the venous plexuses of the conchal mucosa t@emgtn blood,
restricting airflow and causing air to be directed to the adlter of the nose. The olfactory
segment is lined with the olfactory epithelium, which containsptecs for the sense of
smell. Olfactory mucosal cell types include bipolar neurons, supgdgirstentacular) cells,
basal cells, and Bowman's glands. The axons of the bipolar neuronthéuoifactory nerve
(cranial nerve 1) and enter the brain through the cribiform plBtedies by Wanget al
[80,81] on murine brain reported evidence of that intra-nasally irkflli®, NPs (80 nm
rutile, 155 nm anatase; 5@@/ml; 2, 10, 20 and 30 days) can be taken up by sensory nerves
and translocate to the brain.



Even though the inhalation, intratracheal instillation and intranstsaies in regards to
pulmonary absorption are few they suggest that NB®s can translocate from the lung into
the circulatory system to systemic tissue and from thal masity into sensory nerves to the
nervous system. Available data suggest that the rate of NP migration icthatary system

is low.

Distribution

After the initial absorption of TI@NPs, the systemic circulation can distribute the particles
to all organs and tissues in the body. After JiBPs reach the systemic circulation,
potentially these particles interact with plasma—proteins [@2jgulation factors, platelets
and red or white blood cells. The binding to plasma components may katbstantial effect
on the distribution, metabolism, and excretion of the NPs [55]. Bindingpolasma
components might neutralize or mask the adverse effects of NR3 in the systemic
circulation. Therefore the biokinetics of the engineered NPsses @ggpendent on the local
corona environment [83]. They might also contribute to disturbances in direnac
environment as noted by Mikkelseh al [84]. In this study repeated exposure to JNPs
(12-21.6 nm; 0.5 mg/kg BW was associated with modest plaque progresgiponk (—/-)
mice. TiG: NPs (20—30 nm, anatase 99.9%dml) were also able to penetrate human red
blood cells [85]. This cellular uptake of TAONPs might not involve endocytosis, since
erythrocytes do not have phagocytic receptors. These results timaplyiO, NPs might be
able to cross the cell membrane by processes other than phaoeytdsendocytosis.
Diffusion or adhesive interactions may also play certain roldéhis cellular uptake of TiO
NPs [55,86]. Wicket al [87] used thex vivohuman placental perfusion model to determine
whether NPs can cross the blood-placenta barrier and whether tresp®size dependent.
Fluroescent polystyrene particles were used as a model NP.fdiney that fluorescent
polystyrene particles with diameter up to 240 nm were taken uihéylacenta. Earlier
studies by Shimizet al [88] and Takedat al [89] had shown that subcutaneous exposure
of pregnant mice to TiIONPs affected gene expression and genital and cranial nervesyste
of the offspring. In addition, a study using inhalation exposure has shaviiiO, NPs can
also penetrate the blood placenta barrier [88-90].

Translocation refers to the way particles move from theo$igdsorption to other parts of the
body. In humans it may occur in the alveolar region where the @diarrier is
approximately 2um thick. Geiser and Kreyling [91] in their review reported thd&sN
including TiG; NPs in the size range of 5-100 nm could be translocated acrosslilood-
barrier. When Ti@Q NPs are translocated into the blood, generally they may bee@ta the
liver and lymphatic system, distributed to other organs and tissueSmnated out of the
body. A 3-week inhalation study using nano- and fine;p@rticles with 3, 28, and 90 days
recovery time was performed in female Wistar rats [92]s Bbiidy observed that particles
were mainly found in alveolar macrophages and, to a lesser extagpe-lI pneumocytes,
and this was quantified using the relative deposition index (RDljiclealaden cells were
rarely observed inside capillaries. They concluded that theremi@mal translocation of
particles into the blood stream.

The interactions between TiONPs and alveolar macrophages and their associated pro-
inflammatory effects in relation to particle size and physicemical properties was
investigatedn vitro by Scherbaret al [93]. NR8383 rat lung alveolar macrophages were
treated (10, 20, 40 and 8@g/cnf; 1, 4 and 24 h) with Ti©@ NPs (25 nm; 80/20;
anatase/rutile), and FPs (250 nm). Alveolar macrophages rapidly took upiGgtNPs and



FPs. Uptake inhibition experiments with cytochalasin D, chlorpromeaand a Fcreceptor

Il (FcyRIl) antibody revealed that the endocytosis of JJKEPs by the macrophages involved
actin-dependent phagocytosis and macropinocytosis as well asnetathted pit formation,
whereas the uptake of TiOIPs was dominated by HtR antibody. They suggested that the
contrasting alveolar macrophage responses te Nigs and FPs relate to differences in the
involvement of specific uptake mechanisms.

Ferin et al. [94] monitored pulmonary retention of TA®Ps and NPs in rats after a single
intratracheal instillation or 12 week inhalation of differentesiof TiQ particles (12, 21,
230, and 250 nm). They found that migration of particles to the interstéppeared to be
related to the particle size, the delivered dose, and the delidese rate. In addition, both
acute instillation and sub-chronic inhalation studies showed that Mg (20 nm) at
equivalent masses access the pulmonary interstitium to a Exgat than TiQ FPs (250
nm). A tracheal explants system study reported thag Ni€s (21 nm; 5 mg/ml; 1 h) enter the
epithelium faster and are translocated in greater proportiotheéosubepithelial space
compared with TiQ FPs (0.12um) [95]. Li et al [79] investigated the distribution and
effects of TiQ NPs (3 nm; 13.2 mg/kg; once a week for 4 weeks) in mice. Tigyested
that TiG; NPs might pass through the blood—brain barrier.

Others have found that intra-nasally instilled 71IPs could be translocated into the central
nervous systenvia the olfactory nerves and cause potential brain lesions with the
hippocampus being the main target [80]. These effects were mainbed by the 155 nm
anatase Ti@ particle, which they also defined as a NP. The same researgp geported
similar findings in another study (intranasal instillation; 80 mutle, 155 nm anatase; 30
days) [81]. The influence of intra-nasally instilled Fi@Ps (25 nm, 80 nm and 155 nm;
every other day in a dose of 50 mg/kg BW) on monoaminergic neurotrggrsmit
(norepinephrine (NE), dopamine (DA), 5-hydroxytryptamine (5-HT), &tiyyindole acetic
acid (5-HIAA), 3, 4-dihydroxyphenylacetic acid (DOPAC), and homdliar(HVA)) were
investigated in CD female mice at 2, 10, 20, and 30 days post-exposlir®{ig2to the
accumulation of Ti@Q NPs in the brain, the contents of NE and 5-HT were significant
increased after exposure to 80 nm and 155 nmy,, Tithile the concentrations of DA,
DOPAC, HVA and 5-HIAA were decreased. They concluded that irdediyanstilled TiQ
NPs could be translocated to and deposited in murine brain aftepabs by nasal mucosa,
and further influence the release and metabolism of monoaminergimtna@smitters in the
brain. Although these findings are intriguing, other studies aressaty to confirm these
results.

Fabianet al [13] investigated the tissue distribution of intravenously admins{€i®, NPs
(70/30 anatase/rutile; 20—30 nm). Rats were treated with a $imigigenous injection of a
suspension of TIONPs in serum (5 mg/kg BW), and the tissue content ot N®s was
determined 1, 14, and 28 days later. The,;IN® levels were highest in the liver, followed in
decreasing order by the levels in the spleen, lung, and kidney$)eahijhest organ burdens
were on day 1 post-exposure. TP levels were retained in the liver for 28 days which was
the duration of the experiment. There was a slight decreas®j NP levels from day 1 to
days 14 and 28 in the spleen, and a return to control levels by dayteHung and kidneys.
In this study, there were no detectable levels of, T¥P's in blood cells, plasma, brain, or
lymph nodes at 1, 14, and 28 days post-exposure, suggesting a rapid cleéithecéiQ
NPs from the blood into the lung, spleen, kidneys, and liver, NiEs had not been entirely
cleared from the liver and spleen within the observation period, inajctitat TiQ NPs can
accumulate in these organs after continuous intravenous exposure. It sbaubded that



these intravenous exposure levels were high, which may have inftuengan distribution
by damaging the integrity of the endothelial barrier.

In a two week acute toxicity study [96], mice were intrapeeglly injected with different
doses of TiQ NPs (0, 324, 648, 972, 1296, 1944 or 2592 mg/kg BW). Examination of
particle distribution demonstrated that at 1, 2, 7, and 14 days post-exjaasumulation of
TiO, NPs (80 nm, 100 nm, anatase) was highest in spleen, followegadny Kidneys and
lung in a decreasing order. Accumulation of Fi@Ps in the spleen was the highest
throughout the experimental period. Some of the particles weretexkdrem the kidneys
(urine). These results indicated that TiPs could be transported to and deposited in other
tissues or organs after intraperitoneal injection, although the #isexteemely high
intraperitoneal injection exposure doses may have affected thesrekiul et al [97]
investigated distribution of Tifanatase NPs (5 nm; 5, 10, 50, 100, and 150 mg/kg BW) after
intraperitoneal injection in mice daily for 14 days. They found theroofl the accumulation

of TiO, NPs in the organs was liver > kidneys > spleen > lung > brageart. The content of
TiO, NPs in the liver at the dose of 50 mg/kg was higher than thatOafHPs at the same
dose. A study by Mat al [98] found that TiQ NPs (anatase, 5 nm; 5, 10, 50, 100, and 150
mg/kg BW; daily for 14 days) translocated from the site afatipn, the abdominal cavity, to
the brain causing oxidative stress and brain injury in ICRemigain, relevance of such
injury is an issue due to the high exposure doses used.

These studies have shown that FiRPs distributed to other organs after intravenous or
intraperitoneal administration. Most of the NPs accumulated iditke TiO, NPs were
found in the brain after intranasal administration. However, theseestuded high doses,
which greatly exceed levels likely after anticipated exposyoesupational, medical,
consumer use, etc.). Therefore, further investigation is necessary.

Metabolism
So far we have not found specific literature regarding the metabolism giNHE)
Excretion

Similar to other inorganic NPs, T}ONPs in the systemic circulation has two potential
pathways for clearance, i.e., kidneys/urine and bile/feces. Iiteenational Program on
Chemical Safety for Ti@ shows that most ingested TiGs excreted with urine [99].
Clearance of particles from the livedia the bile into the feces is well known in
pharmaceutics and is also postulated for ,TiIPs [100]. Furthermore, every NP not
absorbed by the gut epithelium will presumably be eliminated the Wadthis pathway.
Similarly, inhaled TiQ NPs which are deposited in the airways of the respiratocy drsd
phagocytized by alveolar macrophages may be transported by iliaurgoaction to the
larynx from where they can be cleangd expiration of sputum or be swallowed entering the
GIT. Although NPs deposited in the alveoli can either be translotatéte interstitium,
lymph nodes, or pulmonary capillaries, the majority are clearethdgrophage-mediated
transport to the distal end of the mucociliary escalator. Ayshmahd that alveolar clearance
for TiO, FPs (5.35, 10.7, and 21.41 mg/rat; Ti IV 100% rutilerd; 7 and 42 days post-
exposure)via macrophage phagocytosis was greater than, NBs (0.26, 0.52, and 1.04
mg/kg; P-25, 80/20 anatase/rutile; 21 nm) [16]. This was attributeithiet higher rate of
interstitialization of TiQ NPs. Anin vivo inhalation study reported similar results. They
found that clearance of THNPs (20 nm; 7.2 x £@particles/ml; 1 h and 24 h post-exposure)



from the lung by lung surface macrophages is relatively low [IDdiF was based on data
analysis which revealed an uptake of 0.06 to 0.12% NBs by lung-surface macrophages
within 24 h. Ineffective macrophage clearance of inhaled NPs frompettiygheral lung would
lead to bio-persistence of TiMIPs and/or favors their translocation into the lung interstitium
and then to the vasculature, potentially enhancing adverse systemis gftdd. Hydrogen-1
nuclear magnetic resonance spectroscopy (1H-NMR) was usedlij@eanirine metabolites
of rats exposed by intratracheal instillation to low (0.8 mg/kgdium (4 mg/kg) and high
(20 mg/kg) doses of TiONPs [102]. Significant metabolite (acetate, valine, dimethylam
taurine, hippurate, and 2-oxoglutarate) changes were only obserteel iow dose group.
These compensatory changes resolve within seven days, and theafeselltsn biochemical
assays also implied no parenchymal damages in the liver or kiflhey concluded that low
dose instillation of TIQNPs resulted in a transient impact on metabolic function betiaeise
scattered NPs can migrate from the lung to liver or kidneycoimrast, TiQ NPs form
agglomerates at higher doses which decreases migration to systemg orga

In summary, absorption, distribution, metabolism, and excretion of N3 may be affected
by various factors including routes of exposures and particle sizelgpagglomeration and
surface coating. The most frequently investigated exposure rautéise toxicokinetics
studies of TiQ NPs were pulmonary, lung inhalation, dermal and oral administrafio®s.
NPs can be absorbed into the body through the lung and GIT. Furthes sitelieeeded to
guantify the magnitude of such transport so that systemic rislbbeaassessed. There is no
sufficient evidence available to indicate that 7i0Ps have the ability to penetrate through
the intact skin into the human body under normal conditions; N injected intravenously
or intra-peritoneally were found in different organs, such as liveeesplkidneys, lung,
lymph nodes, and brain. TIONPs may have the potential to penetrate the blood-brain and
blood-placenta barriers. However, these studies employed very higs dosIiQ NPs.
Elimination of TiGQ: NPs may be through kidneys/urine, and bile/feces. Though a large
fraction of absorbed Ti©ONPs could be excreted rapidly, it is possible that not alhe$d
particles will be eliminated from the body. As a result, accatian of TiQ: NPs in some
organs may take place in the human body after continuous exposure.oA sttaj of
accumulation seems to be the liver. However, there is a possibdityhe accumulated T3O
NPs can be completely cleared from these sites if the diuty frame is increased.
Therefore, further biokinetic studies are needed. Additionally, lreatson of TiQ NPs, at
relevant lower doses, should be conducted to determine if the presed®®,0NPs at
systemic sites alters their normal biological function andtanical morphology. For
example, at pulmonary exposures of NPs which did not cause extensiagedamnthe
air/blood barrier, NP translocation is slow, representing lessli#@of the initial pulmonary
burden at 1 week post-exposure [91]. The possible toxicokinetics of Wi and
accumulation sites are summarized in Figure 2.

Figure 2 Toxicokinetics and accumulation sites of TIQNPs.The arrows in dotted lines
represent uncertainties.

Toxicity of TiO, NPs

The toxic effects of test substances are usually measuredms of acute, sub-acute, sub-
chronic or chronic exposure conditions. Studies with a maximum of Rsw&é days) study
duration are normally referred to as acute toxicity studies.aBute toxicity studies last for a
maximum of 4 weeks (28 days), sub-chronic toxicity studies foaxdmum of 13 weeks (90



days) and chronic toxicity studies last longer than 4 months. Kiatyoof TiO, NPs will be
discussed in terms of these types of studies.

Acute toxicity

Acute toxicity information for TiQ NPs in humans is currently lacking. A value often given
in animal toxicity studies is the median lethal dose sgMnedian lethal concentration
(LCs0), which is defined as the dosage/concentration resulting in the oe&?o of the
experimental animals. However, due to ethical reasons, this mettamdite toxicity testing
has been abolished in 2002 from the Organization for Economic Co-operattbn a
Development (OECD) acute toxicity guideline (TG 401) and is na@meeended. However,
there are other alternative methods such as fixed dose proceduré2(l), up and down
procedure (TG 423) and dose response method (TG 425) that can be usethtimel¢he
LDso. The acute toxicity studies are mentioned in the order; inhalatiarg-tracheal
instillation, dermal, oral, intraperitoneal, aimdvitro.

In an inhalation study, rats were exposed to aerosols of 0, 2, 50, mg/m TiO, NPs by
inhalation for 6 h/day for 5 days [103]. Necropsies were performbdrainmediately after
the last exposure or after 3 and 16 days post-exposure. Lung infimmmeats associated
with dose-dependent increases in bronchoalveolar lavage fluid (BAat&) cell and
neutrophil counts, total protein content, enzyme activities and leveds mmfmber of cell
mediators. No indications of systemic effects were found bysumement of appropriate
clinical pathological parameters. An inhalation study on mice [18g¢phsed to TIQ NPs (2—

5 nm; 8.88 mg/ry 4h/day for 10 days) showed higher counts of total cells and alveolar
macrophages in the BALF. However, mice recovered by week 3egpeture. These
inhalation studies showed that at sufficient lung burdens in both ratmiaadliO, NPs can
cause pulmonary inflammation. Nurkiewiet al [105] reported that inhalation of nano- or
fine TiO, (21 nm or 1um; 1.5 or 20 mg/fh 24 h post-exposure) caused microvascular
dysfunction in arterioles of the shoulder muscle, i.e., a failumedpond to dilators. On a
mass basis, nano Tivas 6—7 times more potent than fine TiBowever, the difference in
potency was not present when dose was normalized to particleesartza delivered to the
lungs. A recent study by the same research group found thaetiipbgral vascular effects
associated with particulate matter (PM) exposure {TKP 710 nm and NP 100 nm;
inhalation 1.5-16 mg/thfor 4-12 h) are due to the activation of inflammatory and/or
neurogenic mechanisms [106]. In addition, an increase in basal tonea aedreased
responsiveness of coronary arterioles to dilators was noted 1 @ayirdfalation of nano
TiO, (21 nm; P-25:80/20 anatase/rutile; 6 my/mt 24 h post-exposure) in another study
[107]. It should be noted that microvascular dysfunction was reportenvauhg burdens
which did not significantly alter BALF measures of lung inflaation or damage. These
findings are of interest because there are known associatiovselnePM and cardiovascular
diseases. PM exposure can result in significant changes in mahgvascular indices, such
as heart rate, heart rate variability, blood pressure, and blood coagulability [108]

Liu et al [109] treated rats by intra-tracheal instillation with agé dose of 0.5, 5, or 50
mg/kg BW of TiQ NPs (5, 21, or 50 nm, respectively). Rats were sacrificed one posek
exposure. Histopathological examinations of lung tissue indicate@xpasure to TIQNPs
induced dose-dependent inflammatory lesions in rats. In addition, on annegsmlbasis,
pulmonary toxicity induced by 5 nm T}OIPs was more severe than those induced by 21 and
50 nm TiQ particles. The time course of these pulmonary responses watedepoa study

by Kobayashet al [110] at 1 and 7 days after rats were intra-tracheallaisin (19 and 28



nm; 5 mg/ml) of TiQ NPs. The TiQ NPs showed greater pulmonary inflammatory effect 24
h after exposure then 1 week after exposure. In these studies, ltmematory effects of
TiO, NPs were locally distributed, dose dependent and recovery was proliableffects of
TiO, NPs on the immune function were investigated by étital [111]. They evaluated
immune function of rat alveolar macrophages (AM) exposed tg NBs (intratracheal
instillation) and reported damage to the cell structure and AMudgson, leading to a
reduction in both non-specific and specific immune responses in indwielgaosed to Ti®
NPs (5 and 200 nm; 0.5, 5, or 50 mg/kg). The phagocytic ability ofrtherophages
increased when exposed to a low dose of, TNPs and decreased when exposed to a high
dose of TiQ NPs. Exposure to T#¥ONPs also decreased the chemotactic ability of the
macrophages and the expression of Fc receptors and MHC-classhi oallt surface. The
mechanism responsible for these changes was medi@exdtering nitric oxide (NO) and
tumor necrosis factar- (TNF-o) expression by the AM. The amount of NO and TiNF-
secreted by macrophages was gradually increased when the dbsa@2 NPs increased.
TiO2 NPs elicited greater NO and TNFproduction than FPs. This research group attributed
the potency of TIQNPs to surface area and crystal structure [112]. The involvesh@NF-

a in late airway hyper responsiveness (AHR) has recently ingestigated. In a study, low
pulmonary doses of TEENPs were shown to aggravate pulmonary inflammation and AHR in
a mouse model of toluene diisocyanate (TDI)-induced asthma [113]. Tetigate the
modulation of an asthmatic response by JINPs (99.9% anatase; 15 nm) in a murine model
of diisocyanate-induced asthma, the investigators in this stediett mice on days 1 and 8
with 0.3% TDI or the vehicle acetone-olive oil (AOO) on the dorsutmodh ears (2@l). On

day 14, the mice were oropharyngeally dosed withu4df TiO, NP suspension (0.8 mg/kg
BW). One day later (day 15), the mice received an oropharynigali¢rege with 0.01% TDI
(20 pl). On day 16, airway hyper-reactivity (AHR), BAL cell andtakine levels, lung
histology, and total serum immunoglobulin E were assessed.NFOexposure in sensitized
mice led to a 2 fold increase in AHR, and a 3 fold increase ib ®#al cell count, mainly
comprising neutrophils and macrophages. Histological analysisledveereased edema,
epithelial damage and inflammation. These studies suggestNF® can act as an airway
irritant. Thus, if the compromised hosts are exposed t@ NBs it may aggravate their
condition.

In acute dermal irritation studies in rabbits and the local lympbe assay in mice
(CBA/JHsd mice), Warheiet al [114] concluded that TiONPs (129.4 nm in $D; 80/20
anatase/rutile; 0%, 5%, 25%, 50%, or 100% ;TNIPs, 3 consecutive days) were not a skin
irritant or dermal sensitizer. Another study reported that adetenal, eye and vaginal
mucous membrane irritation tests revealed no significant iortath TiO, NP (size not
given; 1000, 2,150, 4,640, and 10,000 mg/kg BW) treated mice at 1, 24, or 48 h post-
exposure [115]. A 14 days toxicity study, Bi®IPs (20 nm; 14, 28, 42, and 56 mg/kg)
applied topically on Wistar rat skin induced short term toxicity at the biocheleieI[116].
Depletion in the levels of catalase and glutathione S-transf@B&E) activity was observed.
In addition, there was an increase in the activity of lactatgdiegenase (LDH) and lipid
peroxidation (LPO). The levels of serum glutamic pyruvic tramsase (SGPT), serum
glutamic oxaloacetic transaminase (SGOT), blood urea nitr(@jgNl), and creatinine were
also increased. However, the histopathological studies did not styogbaervable effects at
the tissue level. They concluded that short term dermal exposureA®dPgEX42 mg/kg BW)
can cause hepatic, as well as renal, toxicity in rats. Thestudies cited here, in regards to
dermal exposure, agree with a study mentioned earlier in thrsemt toxicokinetics.
However, the findings of the latter study suggest that the haaléslmay be a way for Ti©



NPs to penetrate into live skin. It should be noted that the dosesubede studies are high
and do not mimic likely human exposures.

Warheitet al. [114] reported in acute oral toxicity studies that JJNPs (129.4 nm in §D;
175, 550, 1750 or 5000 mg/kg; 80/20 anatase/rutile; 48 h intervals for 14 days) were very low
in toxicity and produced short-term and reversible ocular conjunctii@ess in rabbits. In
another study, the acute toxicity in mice was investigated aftengle oral administration of
TiO, particles (25, 80, and 155 nm; 5 g/kg BW) [59]. Over two weeks possampoliQ
particles showed no obvious acute toxicity. However, the female shiowed high hepatic
coefficients in the 25 and 80 nm groups. The changes of serum biochganameters
(alanine aminotransferase (ALT), aspartate aminotransf¢f&€), LDH, and BUN), and
pathology of the liver and kidney indicated that hepatic renal injung wduced after
exposure. Even though there were significant changes of serum LDIB4NP (25 and 80
nm) treated animals, indicating the presence of myocardiahde, the pathology results for
the heart, lung, testicles (ovary), or spleen showed no abnormal chahgss.oral exposure
studies showed biochemical changes, but systemic toxicity was not demonstrated.

Intraperitoneal studies may be done to address the effects of po$#il NP use in
nanomedicine. At the higher doses of an intraperitoneal exposuredsindyon mice, Ti@
NPs (anatase, 5 nm; 5, 10, 50, 100, and 150 mg/kg BW; everyday for 14 alssex) serious
damage to the liver, kidneys, and myocardium and disturbed thecbad blood sugar and
lipid [97]. Furthermore, with increasing doses of T1Ps, indicators of liver function, such
as ALT, leucine acid peptide, pseudocholinesterase, total protein, landimallevels, were
enhanced significantly; the indicators of kidney function, such as cidcamd BUN, were
decreased; and the activities of AST, creatine kinase (CK),, laDH alpha-hydroxybutyrate
dehydrogenase, indicators of the myocardium function, were incredkedcontents of
triglycerides, glucose, and high-density lipoprotein cholesterol sigr@ficantly elevated.
The authors concluded that the accumulation of, TNP's in the organs might be closely
related to the differences in the coefficients of organs and thkemimfatory responses of
mice. In addition, they reported that the JgDvalue of TiQ NPs through intraperitoneal
injection in mice was 150 mg/kg BW. Mice intraperitoneally ¢tgel with TiQ NP (50 nm;
0, 324, 648, 972, 1296, 1944 or 2592 mg/kg; 24 h, 48 h, 7 days, and 14 days) showed signs of
acute toxicity, such as passive behavior, loss of appetite, tremdr|ethargy. Slightly
elevated levels of ALT and AST were observed. Histopathologicahiagtions showed that
some TiQ NPs entered the spleen and caused lesions. Thrombosis was found in the
pulmonary vascular system. In addition, hepatocellular necrosis and apppgtepatic
fibrosis, renal glomerular swelling and interstitial pneumoniaaated with alveolar septal
thickening were also observed in the high dose group. eflal [117] stated that
inflammatory responses and liver injury may be involved in,TN® (5 nm; 5, 10, 50, 100,
and 150 mg/kg BW; everyday for 14 days) induced liver toxicity. rEa¢time quantitative
PCR (RT-PCR) and enzyme-linked immunosorbent assay (ELISAysmsashowed that
TiO, NPs can significantly alter the mRNA and protein expressicgeeéral inflammatory
pathways, including nuclear factor kappa-light-chain-enhancactofated B cells (NkB),
macrophage migration inhibitory factor (MMIF), TNE-interleukin(IL)-6 (IL-6), IL-1B,
cross-reaction protein, IL-4, and IL-10. In addition to this, we havediregentioned some
studies [19,25,118] that have also reported the inflammatory effedi©oMNPs. TiQ NPs
also induce some neurons to turn into filamentous shapes and otherdlamuniatory cells
after translocating from the abdominal cavity [98]. Oxidativesstr@nd injury of the brain
triggered a cascade of reactions, such as lipid peroxidation, siesred the total anti-
oxidation capacity and activities of antioxidative enzymes, thesskee release of NO, the



reduction of glutamic acid, and the down-regulated level of ateilyhesterase activity. The
acute toxicity of intraperitoneally injected Ti®IPs is systemic, it involves pathological and
biochemical effects on the liver, kidney, heart and brain.

Since in vitro studies can be used as predictive indicators of acute toxicitge sare
mentioned here. The influence Ti®Ps on erythrocytes was systematically investigated by
Li et al [119]. Their results indicate that erythrocytes treated with, NPs underwent
abnormal sedimentation, hemagglutination and dose dependent hemolysis, waligh tot
differed from cells treated with TeOFPs. Another study reported that hemolysis (washed
human erythrocytes, 37°C incubation for 1 h) caused by FR3 was 73 times greater than
TiO, NPs [120]. However, the hemolysis was abolished by plasma, imdi¢hat inin vivo
conditions the presence of plasma may prevent hemolysis. A studhpase macrophages
(Ana-1 and MH-S cells) found that TiQNPs (5, 10, 25, and 100 nm; anatase) caused low
toxicity to MH-S cells [121]. Another study found TAi®IPs (25 and 80 nm; 0, 10, 20, 40,
and 80 mg/l; 24 h) inhibited gap junction intracellular communication lEgtweng
fibroblasts [122]. A number oh vitro studies also show toxic effects of BLiPs on cells of

the circulatory system.

In summary, the acute toxicity of TIONPs have been frequently studied in rat and mouse
models following multiple exposure routes of administration. The numlstudies targeting
the respiratory system outweighs the other exposure routes. Sexgdesing the pulmonary
system to TiQ NPs produced both local and systemic symptoms and aggravate pirggexis
symptoms. TiQ NPs administered through the lung are more inflammatory thanoFPs
similar chemistry at equal mass concentrations. However, onjual particle surface area
basis, pulmonary inflammation to Ti®IPs was similar to that of Tg-Ps. The results from
the other exposure routes cannot be ignored. For example, researgiteddeonstrates
that TiO, NPs can be absorbed through the lung or GIT into the systemitatima and then
distributed in different organs such as the liver, kidneys, spleen, or #nee brain.
Distribution and accumulation of TYONPs in the organs could induce organ injuries and
inflammatory responses. However, most of the doses employed drigjtoim be realistic in
occupational settings$n vitro studies also show effects of Li®Ps on the blood circulation
system.

Sub- acute toxicity

Silicon dioxide (SiQ)-coated rutile Ti@ NPs (40 nm; 10 mg/fm2 h on 4 consecutive days,
or 2 h on 4 consecutive days, 4 weeks) caused pulmonary neutrophiliaséacesgression
of TNF-o and neutrophil attracting chemokine (CXCL 1) in lung tissues [128}vever,
they attributed the effects to the surface coating with,.S@hers observed that TANPs
caused minimal inflammatory changes in the lungs, leucopenia, atecraase in3-
glucuronidase after inhalation [92].

In another study [124], rats were intra-tracheally instille¢chwiiO, NPs (1 or 10 mg/kg
BW). At 10 mg/kg BW, LDH activity (1, 7, 14, and 28 days), malodialder{i«i2A) (1, 7,

and 14 days), total protein (1 and 7 days), as well as, the numleeikot{tes (1 and 7 days)
were all increased significantly when compared with the contrdistopathological
examination revealed a marked increase of pulmonary inflammattbe iangs in 10 mg/kg
BW treated rats. While investigating dose—response relationships totratheal instillation

of TiO, NPs (20 nm) and FPs (250 nm), Oberdorsterl [125] observed a significant
pulmonary inflammatory response to BiPs in rats and mice, which included an increase



of total protein in BALF, LDH activity, and acid-glucosidase. They concludddhkagreater
toxicity of the TiQ NPs correlated well with their greater surface arearaess. Liet al. [79]
investigated the effects of THFONPs (3 nm) in mice after intra-tracheal instillation a@otal
dose of 13.2 mg/kg BW (once a week for 4 weeks). At 28 days afiéiation, they found
that instilled TiQ NPs could induce lung damage, and change the permeability of the
alveolar-capillary barrier. TIONPs were able to access the blood circulation and reach extra-
pulmonary tissues, such as the liver and kidneys, leading to different levisikuefinjury. In
addition, TiQ NPs might pass through the blood—brain barrier and induce the injurgtthrou
an oxidative stress response. At other sitesp N®s (1.0, 0.5, and 0.1 mg/ml; twice/week
for 6 weeks) caused dyslipidemia and accelerated developmeheabstlerosis and plaque
rupture in intra-tracheally instilled ApoE—-/-mice [126]. In tkisidy, viscera index, blood
total cholesterol (TC), triglyceride (TG), high density lipopioteholesterol (HDL-C), low
density lipoprotein cholesterin (LDL-C), and organic lipid ratio wessessed as biomarkers.
Artery and aortic root issues were assessed by histopathologyheArgitidy investigated
whether photocatalytic TEONPs (28 nm; rutile; 2, 10, 50, or 27@) exhibited an adjuvant
effect, when administered through intraperitoneal injection in combmatith ovalbumin
(OVA) in mice [127]. The mice in this study were treated vOY{A, OVA + TiO, NPs or
OVA + AIOH3; and challenged with aerosols of OVA. The Ti®Ps promoted a Th2
dominant immune response with high levels of OVA-specific IgE and ig@he serum, and
influx of eosinophils, neutrophils and lymphocytes in BALF. Significahilyher levels of
OVA-specific IgE were induced by TENPs than the standard adjuvant, AKDHowever,
the two substances were comparable regarding the level of eosioopfidimmation and
interleukins present in BALF.

The oral toxicological effects of T®{ONPs (dosed at 0.16, 0.4, and 1 g/kg) were investigated
using conventional approaches and metabolomic analysis in Wist§t28}sThe urine and
serum were analyzed by 1H-NMR using principal components andalpkedist squares
discriminant analyses. The metabolic signature of urinalysisGa NIPs-treated rats showed
increases in the levels of taurine, citrate, hippurate, histidimagttrylamine-N-oxide
(TMAO), citrulline, alpha-ketoglutarate, phenylacetylglyei(PAG) and acetate. Decreases
in the levels of lactate, betaine, methionine, threonine, pyruvddehyiroxybutyrate (3-D-
HB), choline and leucine were also observed. The metabolomicssenafyserum showed
increases in TMAO, choline, creatine, phosphocholine and 3-D-HB khsasvdecreases in
glutamine, pyruvate, glutamate, acetoacetate, glutathione and me¢hiaiter TiQ NPs
treatment. AST, CK and LDH were elevated and mitochondriallismyeh heart tissue was
observed in TiQ NPs-treated rats. They concluded that their findings indicated tha
disturbances in energy and amino acid metabolism, and the gutlorzrefivironment may
be attributable to slight injury to the liver and heart cause@li®y NPs. They proposed that
the NMR-based metabolomic approach may be a reliable and sensdified to study the
biochemical effects of nanomaterials. What one can crudely ddchroethese findings is
that, in terms of occupational exposures, those with underlying hesitbesi such as asthma
and heart disease may be at risk of ;JIIPs toxicity. However, since the studies were
conducted in animals, there is a need for epidemiological studidgkei workplace, to
quantify the risks of Ti@ NPs in the workplace. This is further discussed in partthe
epidemiological studiesection.

Sub-chronic toxicity

A subchronic inhalation study comparing pulmonary responses tg NI in several
species was performed [129]. Female rats, mice, and hamstees exposed to aerosol



concentrations of 0.5, 2.0, or 10 md/MO, NPs (P-25; 21 nm; 6 h/day, 5 days/week, for 13
weeks). At each time point, TKONPs burdens in the lung and lymph nodes and selected lung
responses were examined. Retained lung burdens increased in a dosd®edemanner in all
three species and were at a maximum at the end of expoElees.were significant species
differences in the pulmonary responses to inhaled WNiEs. Under conditions where the lung
TiO, NPs burdens were equivalent, rats developed a more severe inf@asnneaponse than
mice and, subsequently, developed progressive epithelial and fibfegatole changes.
Clearance of particles from the lung was markedly impairedioe and rats exposed to 10
mg/nT TiO, NPs, whereas clearance in hamsters did not appear to beafée any of the
administered doses.

Warheitet al [130] intra-tracheally instilled TiONPs (25 and 100 nm; 1 or 5 mg/kg BW; 24
h, 1 week and 3 months) into rats to compare several types of FR® and NPs with
different sizes, surface areas, and crystal structures. bothparison among these particles,
even though the difference in surface areas was as lar@® &sld, the observed lung
inflammatory responses were almost the same for the two Ipastaes. They, therefore,
concluded that toxicities of TiOparticles through lung instillation are not dependent upon
particle size and surface area. In addition, the same reggarghsuggested that the toxicity
was dependent on particle surface properties instead of sarlzea® Roursgaased al [131]
intratracheally instilled mice with single fixed doses ob6, and 50Qug of TiO, FPs and
NPs (rutile). They found, in the acute phase, both FPs and NPsdnelezation of IL-6 and
total protein in BALF at the highest doses. Similar effeatse observed in acute (24 h) and
sub-chronic (3 months) airway inflammation for two different se$iO, particles. These
results suggest that TIONPs may not be more cytotoxic or cause more inflammation to the
lungs compared to FPs of similar composition. However, the reslitsth the Warheiet al

and Roursgaareét al studies may be questioned due to poor dispersion of NiiEs as
suggested by Saget al [16]. Indeed, structure sizes of the different particles geded to

the rats did not sifnificantly differ.

Wang et al [132] investigated the influence of intranasally instilled Ji@Ps on
monoaminergic neurotransmitters at different times post-expo26re8Q, and 155 nm; 50
mg/kg; 2, 10, 20, and 30 days) CD female mice. They used ICP-M&atgze the TIQNP
contents in murine brain. The monoaminergic neurotransmitters sugg,adA, 5-HT, 5-
HIAA, DOPAC, and HVA, were determined by reversed-phase hgtiopnance liquid
chromatography (RP-HPLC) with an electrochemical detecti®, NPs in murine brain
increased after 10 days for the 25 nm group ((1059.3+/-293.5) ng/g).iftedkeslowly at 20
days post-exposure ((654.7+/-269.2) ng/g). At 30 days post-exposureQtheHs content
remained the same as at 20 days. Due to the accumulation diP&in the brain, the levels
of NE and 5-HT increased significantly after exposure to 80 and 15%i@mNPs, while
decreases in the levels of DA, DOPAC, HVA and 5-HIAA webserved. The inhaled T3O
NPs could be translocated to and deposited in murine brain after asdnpbough the nasal
mucosa, and could influence the release and metabolism of monoamirergtransmitters
in brain.

Wu et al [133] investigated the penetration and potential toxicity of, N®s afterin vitro
(porcine ears) anh vivo animal (domestic pig ears, BALB/c hairless mice) dermal exposure.
They concluded that TEONPs (various sizes) cannot penetrate through the SC 24 h after
exposure to isolated porcine skin. However, after being topically dppthiepig eain vivo

for 30 days, TiI@ NPs (4 and 60 nm; 24 mg of 5% TEion an area of 3 cfhcould penetrate
through the horny layer, and be located in the deep layer of the ef@dktoneover, after 60



days dermal (40Qg/cnf) exposure in hairless mice, Ti®Ps not only penetrated the skin,
but also reached different tissues and induced diverse patholtegizals in several major
organs. In addition, they found TiQIPs (21 nm, P-25) in the mouse brain without inducing
any pathological changes.

Hu et al. [134] intragastrically instilled ICR mice with TiIPs (5 nm anatase; 0, 5, 10, and
50 mg/kg BW; every day for 60 days). Their aim was to detenwhether Ti@ NPs
exposure results in persistent alterations in nervous systetiofunthe Y-maze test showed
that TiO, NPs exposure could significantly impair the spatial recognimiemory. TiQ NPs
also caused disturbances of the homeostasis of trace elemewtseg@nd neurotransmitter
systems in the mouse brain. They also found that there were Gghifilterations in the
contents of Ca, Mg, Na, K, Fe, and Zn in the brain.,TN®s also significantly inhibited the
activities of N&/K*-ATPase, Ca-ATPase, Ca/Mg, -ATPase, acetylcholine esterase, and
nitric oxide synthase (NOS). The contents of some monoamines nesroiitars, such as
NE, DOPAC, 5-HT and its metabolite 5-HIAA, were significanttiecreased, while
acetylcholine, glutamate, and NO were significantly increased.

Chronic toxicity (excluding carcinogenicity)

In work environments, the potential chronic toxicity of TiOPs is likely to be of more
concern than acute effects. Early studies suggest thaisTi®t highly toxic.

Chronic lung inhalation studies [9,135] that exposed pigs or rats, tesbhgcto TiO, FPs
have reported findings of pulmonary pathology such as increased icesdeh pneumonia,
squamous metaplasia [135], sustained pulmonary responses [136], enhanceatmolibé
pulmonary cells, defects in macrophage function [137], alveolar eplthekdaplasia,
progressive fibroproliferative lesions [138] and accumulation of maegsshin interalveolar
septa [9]. Some studies on BiPs show similar effects. Oberdorséeral [15] investigated
the correlation between particle size,vivo particle persistence, and lung injury after a 12
week inhalation (23.5+2.9 mgfinexperiment in rats (Fischer 344) exposed to,iérticles
(20 and 250 nm). They reported inflammation and lung injury and concludeth¢hgiieater
pulmonary effects of NPs, compared to FPs, can be explained biatigerr specific surface
area, the greater interstitial access, and their altexgaetsistence, resulting in increased
retention of NPs.

Exposure to TiQ NPs (5—-6 nm) resulted in chronic spleen injury, in a 90 day studyalone
ICR mice (intragastric administration; 2.5, 5, and 10 mg/kg; evgjyda9]. Blood cells,
platelets, hemoglobin, immunoglobulin and lymphocyte subsets (such aCOB3CD8, B
cell, and natural killer cell) of mice were significant dsed. There was also a significant
increase in the levels of NéB, TNF-, MMIF, IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, IL-1p,
cross-reaction protein, transforming growth fag¢iol-TGF- B), interferony, Bax, and
CYP1AL1 expression, and decreases in the levels of Bcl-2 and hektmbtgin 70 (Hsp70)
expression. Long-term exposure to low dose,TNP’S may cause spleen injury, resulting
from alteration of inflammatory and apoptotic cytokines expressidireduction of immune
capacity.

In conclusion, TiQ NPs exhibit moderate toxicity, inducing pulmonary inflammatory
response and enhanced proliferation of pulmonary cells at relatigglydoses. TiQNPs are
found to induce greater pulmonary inflammatory effects compared @ FPs. The
modulatory effects of TIQNPs in asthmatic responses need to be confirmed. As evident in



the acute toxicity studies, the chronic toxicity studies also focuthe respiratory system.
However, with the increase in consumer use of sunscreens thancb@aNPs, more effort
should be put into carrying out chronic exposure studies for topicallyedppbnsumer
goods.

In all the different types of toxicity study conditions, pulmonaryidibx seems to be a
common finding. The number of studies on pulmonary toxicity also outweigitses of
other exposure routes, emphasizing its importance especialljenenmee to environmental
and occupational exposures. Most of these studies also show thatijeenés of oxidative
stress and inflammation seem to be most affected. This memhanfermation can be
helpful in increasing the specificity and sensitivity of futur@itro andin vivo studies.

Genotoxicity

The genotoxicity of Ti@ NPs remains controversial [140]. Early studies suggest thatigiO
not genotoxic in standard assays [141]. In recent y@argivo andin vitro studies have
examined the genotoxicity of TIKONPs. Test systems used frequentlyninvivo studies of
genotoxicity of TiQ NPs include rat or mouse bone marrow cells. End points used im the
vitro studies include micronucleus (MN) test, Ames test, mammak#ingene mutation,
DNA breaks, chromosomal alterations, and cell transformation. TJees®oXicity endpoints
provide useful data for hazard identification of TigPs.

In vivo studies

A few in vivo studies have been carried out to investigate the genotoxicitiOafNPs. A
study by Yazdiet al [142] found that inhalation of T¥ONPs provoked lung inflammation
which was strongly suppressed in IL-1R— and d=Heficient mice. They concluded that the
inflammation caused by TEONPsin vivo was driven by IL-&. The signaling of IL-1R by
TiO, NPs is similar to that of asbestos. Ti®Ps (6 mg/mi 4 h) also increased the
phosphorylation of p38 and troponin 1 in cardiac muscle of rats exposed throafgtiamh

at 1 day post exposure [143]. These inhalation studies show thatNH® can affect the
expression of certain genes in both the heart and lung.

An intratracheal instillation study showed that hypoxanthine phosphoritarssferase
(HPRT) mutation frequency was increased in alveolar typdl frem rats exposed to TiO
NPs (anatase; 18 nm; 100 mg/kg; 15 months) [144]. While in a studiyooyller et al [32],

TiO, NPs were genotoxic, clastogenic and caused moderate inflasnnmatvivo in mice
exposed through drinking water (21 nm, P-25). ;,TNPs at 500 mg/kg BW induced both
DNA single and double-strand breaks and chromosomal damage.NH® induced 8-
hydroxy-2-deoxyguanosiney-H2AX foci, micronuclei, and DNA deletions. The formation
of y-H2AX foci is indicative of DNA double-strand breaks. They suggpeshat TiQ NPs—
induced genotoxicityn vivo in mice is possibly caused by a secondary genotoxic mechanism
associated with inflammation and/or oxidative stress. RT-PCR aiflAEanalysis showed
that intra-gastrically administered TAQIPs (anatase; 5 nm; 5, 10, and 50 mg/kg; everyday
for 60 days) significantly increased mRNA and protein expressiohotilike receptor-2
(TLR2), TLR-4, kB kinases (IKKe, IKK-f), NF«B, NF«xBP52, NFkBP65, TNFe, and
NF-xB-inducible kinase (NIK), and decreased the expressiorBaihd IL-2 in mice [145].
They stated that the signaling pathway of liver injury in tH@, NPs-stimulated mouse liver
sequentially might occwia activation of TLRs— NIK — IkB kinase— NF«B — TNF-o

— inflammation — apoptosis— liver injury. Another intra-gastric administration study



focusing on the molecular mechanisms of kidney injury of mice, fourtdTitba NPs (5-6
nm; 2.5, 5, and 10 mg/kg; everyday for 90 days) activateckBJHeading to increased
expression of TNk, MMIF, 1I-2, 1I-4, 1I-6, 1I-10, 1I-18, II-1B, cross-reaction protein, TGB;
interferony, and CYP1A1l, and a decrease in Hsp70 [146]. This showed that NFS
accumulate in the kidney, causing nephric inflammation, cell neceosis dysfunction.
Activation of NF«B and increases in the expression of similar inflammataigkayes were
observed in a study by Set al. [147] after intratracheal instillation of T¥ONPs (2.5, 5, and
10 mg/kg; 90 days) mice. In addition, an increase in hemeoxygen&f®-1)(expression
and a decrease in NéB-inhibiting factor and Hsp70 expression were also observed. They
suggested that the generation of pulmonary inflammation caused byNF® (5—-6 nm) in
mice is closely related to oxidative stress and the expressiinflammatory cytokines. TiD
NPs effectively activated caspase-3 and -9, decreased gemeatein levels of Bcl-2, Bax
and cytochrome c, and promoted ROS accumulation in mice spleen [148F &tudy mice
were intraperitoneally injected with T3}ONPs for 45 days consecutively. BIONPs
accumulated in the mouse spleen, leading to congestion and lymph poaliferation of
spleen tissue, and splenocyte apoptosis. Taken together, this reflichtaed that Ti@Q NPs
induce apoptosis in the mouse splenosjgemitochondrial-mediated pathway.

In regards tan utero genotoxicity, Jacksort al[149] analyzed hepatic gene expression in
newborns of C57BL/6BomTac dames exposed to (80rface coated UV-Titan; 1 h/day; 42
mg UV-Titan/n?) using DNA microarrays. UV-Titan exposure did not induce DNAnstra
breaks in time-mated mice or their offspring. Even though thezee whanges in the
expression of genes related to retinoic acid signaling in thealés as indicated by
transcriptional profiling of newborn livers. They concluded that the clsamgay be a
secondary response to maternal inflammation although no direct linlewidant through
gene expression analysis. Another inhalation study on female C&B&Mw/Tac mice (UV-
Titan; 20 nm; 1h/day for 11 consecutive days; 42.4+2.9 mg surface-coatedi@sm?;
sacrificed 5 days following the last exposure) showed that napc®ffosure resulted in
increased levels of mMRNA for acute phase markers. seruno@mdl (Saal) and serum
amyloid A-3 (Saa3), several CXC and CC chemokines, and cytokine tueooosis factor
genes [150]. Further protein analysis of Saal and 3 showed selgztiggulation of Saa3 in
lung tissues. They also showed the up-regulation of miR-1, miR-449a anidld Giduction
of miR-135b. They concluded that inhalation of surface-coated napo@g0lts in changes
in the expression of genes associated with acute phase, inflam@atbimmune response 5
days post exposure with concomitant changes in several miRNAs.

However, not all studies showed genotoxic effects. A study invastigtite effects of NPs

on the female germline found that Ti®IPs (UV-Titan) do not induce expanded simple
tandem repeat (ESTRdci mutations in the germline of prenatally exposed female mice
[151]. In this study, pregnhant C57BL/6 mice were exposed by whole-lnbdyation to the
TiO, NPs (UV-Titan L181; ~42.4mgffpon gestation days (GD) 8-18. F2 descendents were
collected and ESTR germline mutation rates in this generatioa estimated from full
pedigrees (mother, father, and offspring) of F1 female mice (19Zlithn-exposed F2
offspring and 164F2 controls). Most of these studies were caouédn C57BL/6 mice
strains. The positive endpoints of interest were polychromatibreggte (PCE) micronuclei,
y-H2AX foci formation, DNA damage, HPRT mutation frequency amlNA expression.
However, some PCE micronuclei and ESTR mutations were not positivenhalation
exposure (C57BL/6J mice; treated with 0.8, 7.2, and 28.5 nidgmm5 days; 4h/day) study
by Lindberget al [152] showed no significant effect on the level of DNA damage ig lun
epithelial cells or micronuclei in bone marrow polychromatigreocytes (PCE’s) by freshly



prepared TiQ NPs (74% anatase; 26% brookite). In addition, the rate of PCE &lsl c
induced in mice after oral administration of $i8Ps (1, 2, and, 5 g/kg BW) were also not
significantly different from controls [115]. Another study stateat thNA adduct formation
in rat lungs was not detected following chronic inhalation for twars/éo TiQ NPs (10.4
mg/nt) [153].

Thein vivo genotoxicity studies targeted different organs as well asefir@ductive system
show that the Ti@NPs increased the expression of the inflammatory cytokines, RidAM
expression of toll like receptors, gene mutations of the HPRT, inductigriH2AX foci,
DNA deletions, and PCE. Increases in expression of HO-1gByFand Hsp70 were also
observed. However, some studies also show that NBs were not genotoxic. These
disparities in results may be due to the differences the phigicocal characteristics of the
TiO, NPs used, or the exposure metrics used by the investigators.

In vitro studies

Many in vitro studies have been conducted to investigate the genotoxicity oNRE. TiQ

NPs have also been observed around the nuclei in the vicinity of tbplasmic reticulum

in cultured human-derived retinal pigment epithelial cells (ARPEati®y exposure to high
concentrations (3Qig/ml) [154]. The studies that have been conducted have tried to compare
effects TiQ NPs according to particle sizes, surface coatings, crystaiture, dose ranges,
different cell lines, and exploratory studies.

Recently, a study by Juga al. [155] has shown that spherical BifPs (12—-140 nm; both
anatase and rutile) can induce single strand breaks, oxidativeslée DNA and oxidative
stress in A549 cells. They also showed that,TNP's impair the cell’'s ability to repair DNA
by deactivation of both nucleotide excision repair (NER) and bassi@xaepair (BER)
pathways. Others have also found that ;TMIPs cause increased extracellular ROS, HO-1,
and NOS mRNA expression and TNFelease in NR8383 rat lung alveolar macrophages
[93]. TiO, NPs demonstrated cytotoxic and genotoxic effects in human amnitheligpbi
(WISH) cells in another recent study [156]. In this study, polyheditde TiO, NPs (30.6
nm; 20pug/ml) caused a 14 fold increase in olive tail moment (OTM), wdelés treated with
0.625-10ug/ml exhibited significant reduction in catalase activity algHG3evel. There was

a 1.87 fold increase in intracellular ROS generation and 7.3% inare&s# cell cycle
arrest.

Bhattacharyaet al. [157] reported that human lung fibroblasts were more sensitivediega
cyto- and genotoxic effects caused by 7 MXPs than human bronchial epithelial (BEAS-2B)
cells. In this study, TiIONPs induced oxidative stress and DNA-adduct formation (8-OHdG)
but not DNA-breakage in human lung fibroblasts. Hamster lung fibrisb{&39 cells) were
used in a study focusing on cyto- and genotoxic effects of Nigs (untreated anatase; 30—
50 nm) and vanadium pentoxide,(¥)-treated anatase particles [158LO¢-treated TiQ
NPs were capable of inducing greater DNA damage in mamnweifnthrough production
of free radicals than untreated particlegO¥treated TiQ NPs formed pronounced acellular
and cellular radicals. Of interest, surface-treated, NPs particles coated with,¥s are
used industrially for selective catalytic reactions suchhasrémoval of nitrous oxide from
exhaust gases of combustion power plants (SCR process) and in bi@sh&be increasing
the strength of implants.



Wanget al [30] detected genotoxicity of THONPs in cultured human lymphoblastoid cells
using the cytokinesis block micronucleus (CBMN) assay, the Cossetyaand the HPRT
gene mutation assay. The cells were incubated for 6, 24 and 48 0,26, 65 or 13@g/ml

TiO2 NPs (7-8 nm). Ti9QNPs induced approximately a 2.5-fold increase in the frequency of
micronucleated/binucleated cells (13§/ml), approximately a 5-fold increase in tail moment
(65 ug/ml), and approximately a 2.5 fold increase in the HPRT mutateouéncy (130
ug/ml). TiO, anatase NPs and larger rutile particles provoked highe8 Ipr@duction in
macrophage-like human THP-1 cells [159]. A study on human monoblastbimhe&lU937)
found that TiQ NPs (<100 nm) induced both apoptotic and necrotic modifications at
exposures of 0.005-4 mg/ml for 24 and 48 h [160]. Another study aimed at wgitiatitro

test systems for apoptosis induced by NPs found that TiO2 NPs inDbk&dragmentation

in RAW264.7 macrophages [161]. While in cultured human lymphocytes N3 increased

the proportion of sub-G1 cells, activated caspase-9 and caspase-8dacedi caspase-3-
mediated PARP cleavage [162]. Time-sequence analysis of the owuaiti apoptosis
revealed that TiQNPs triggered apoptosis through caspase-8/Bid activation. They state
TiO, NPs induced apoptosis is mediated by the p38/JNK pathway and thaseds
dependent Bid pathway in human lymphocytes. However, in a study cothducBEAS 2B
cells, Shiet al [163] noted that TIi@NPs induced apoptosiga the mitochondrial apoptosis
pathway independent of caspase 8/t-Bid pathway. These resultstsdtadifferent cell lines
exhibit different responses to TiQIPs.

Another study on human lymphocytes showed that, N®s significantly increased MN
formation and DNA breakage [164]. The generation of ROS in, NP-treated cells was
also observed. N-acetylcysteine (NAC) supplementation inhibitedetred of TiO, NP-
induced DNA damage. The inhibitive nature of NAC on ROS formatiorells exposed to
TiO, was also noted by Xuet al [165]. Shuklaet al [28] also demonstrated ROS
involvement in oxidative DNA damage and MN formation in human epidereis. Ghosh
et al [166] investigated the genotoxicity of TA®IPs in plant and human lymphocytes using
classical genotoxic endpoints: Comet assay and the DNA laddeahgique. TiQ NPs
were found to be genotoxic at a low dose of 0.25 mM followed Bceedse in the extent of
DNA damage at higher concentrations. In contrast, HBs were consistently genotoxic at
doses of 1.25 mM and above. This study concluded that the N3 possess genotoxic
potential in plant and human lymphocytes. These results imply thataec effects of TiQ
NPs may occur through ROS generation in lymphocytes.

Uncoated TiQ anatase NPs (99.7%; <25 nm) and JJiQtile FPs (99.9%; <mm) were
shown to be more efficient than Si@oated TiQ rutile NPs (>95%, <5% amorphous Si0
coating; 10x40 nm) in inducing DNA damage, whereas only, Bidatase NPs were able to
slightly induce micronuclei in a study by Falekal [167] on BEAS 2B cells (1-108y/cnf;
24, 48, and 72 h). The lower activity of nano sized rutile in genotoxicitikal/ due to its
coating. This conclusion is supported by Mat@l [168]. They found that when TiONPs
(P25; 25 nm; 80/20 anatase/rutile) were coated with polyethylermlg(iPEG), their
cytotoxic effects and induction of stress related genes in human pujmepithelial (NCI-
H292) cells and human acute monocytic leukemia (THP-1) cellsfismmy decreased.
Analysis of mMRNA expression indicated that the expression titpkar biomarkers depends
upon the cell type, and that modification of Fi0Ps with PEG reduces their cytotoxicity
and reduces the induction of genes associated with stress and toxicity.

Petkovicet al [21] investigated the genotoxic responses to two types of N3 (<25 nm
anatase: Ti©gAn) and (<100 nm rutile: Ti®Ru) in human hepatoma HepG2 cells. They



found that TiQ-An, caused a persistent increase in DNA strand breaks (Cxsvay) and
oxidized purines (Fpg-Comet). Both types transiently upregulated mé&glession of p53
and its downstream regulated DNA damage responsive genes (igakc2 o, and p21). A
recent study conducted with Caco-2 cells found that in contrast toapatase Ti@ NPs,
anatase/rutile TiQNPs induced significant LDH leakage and mild DNA damage as shown
by the fpg-Comet assay [169]. The anatase/rutile NPs also dhugleer toxicity per unit
surface area. The investigators used the WST-1 assay to showhéhnatwas highly
significant correlation between the specific surface area of aratdsgytotoxicity.

Gurr et al [170] investigated the oxidative damage induced by, N®s in the absence of
photo-activation in BEAS 2B cells. Results indicated that, N®s (anatase; 10 and 20 nm)
in the absence of photo-activation induced oxidative DNA damage, LPO, anohoulei
formation. However, treatment with Ti®&Ps (anatase; >200 nm) did not. Huahgl [171]
investigated the cell transformation mediated by long-terposgxre to TiQ NPs and found
that TiOG, NPs not only increased cell survival and growth in soft agaalbatthe numbers of
multinucleated cells and MN. To study the potential of fine (>200 nm) and nan@aitxle
(<20 nm) to induce chromosomal changes, Rahetaal [172] treated SHE cells with 1.0
ng/ent of TiO, particle for 12—72 h. The micronuclei assay revealed a significarease in
MN induction in SHE cells after NP treatment, whereas, TH®s did not show significant
induction of MN formation. However, other investigators who used thee szll line have
stated that cytotoxicity and genotoxicity induced by metal oxiBe Bire not always higher
than those induced by their FP counterparts (14-35 nm; 5,10, argﬁcﬁ(ﬁ) [173]. Luet al
[140] found TiQ particles (sizes not reported) to be toxic to Chinese hamstey-Kta
(CHO-K1) cells. The sister chromatid exchange (SCE) frequamcy MN frequency in
CHO-K1 cells treated with Tigparticles (0—uM) for 24 h exhibited a significant and dose-
dependent increase in genotoxicity. Their findings are supported Myrdiio et al [174]
who also had similar results in CHO-K1 cells. Genotoxic effegere shown by MN
frequencies, which significantly increased at 0.5 an@/inl of TiO, NPs. SCE frequencies
were higher for cells treated with 1+§/ml of TiO, NPs. Conversely, a chronic (60 days)
study with CHO cells (0, 10, 20, and g@/cnt) showed no cyto or genotoxic effects by TiO
NPs (100% anatase, 25 nm) [175]. They stated that CHO cells adaptlbnic exposure
and detoxified the excess ROS possibly through upregulation of sigeerdismutase
(SOD).

A recent study found that TKONPs (aeroxide P-25 99.5% 73—-85% anatase, 14-17% rutile,
and 2-13% amorphous) were cytotoxic and genotoxic to human skin fibrobldstecel a
dose dependent manner (10, 25, 50, 100, 250, 500, andufd®0 using the test foy-
H2AX expression [176]. Another study specifically targeted #iationship between TiO
NPs and the DNA damage response pathways regulated by ATMADOKATR/Chk1 in
human dermal fibroblasts [177]. Their results showed increased phosicorydf H2AX,
ATM, and Chk after exposure. In addition, TiONPs inhibited the overall rate of DNA
synthesis and frequency of replicon initiation events in DNA-comitedst Taken together,
these results demonstrate that exposure te Ns activates the ATM/ChKDNA damage
response pathway.

The interaction of Ti@Q NPs with liver DNA from ICR mice was systematicadiyudiedin
vivo using ICP-MS, various spectral methods and gel electrophone$ls8]. Their results
showed that the liver weights of the mice treated with higheuats of anatase TIONPs
were significantly increased. They stated that anatase NE3 could have accumulated in
liver DNA by inserting itself into DNA base pairs or bindimy@NA nucleotide that bound



with three oxygen or nitrogen atoms and two phosphorous atoms of DNAheifhi-O(N)
and Ti-P bond lengths of 1.87 and 2.38 A, respectively, and could alteorifegroation of
DNA. The gel electrophoresis showed that higher dose of nano-an#@®d¢Ps could cause
liver DNA cleavage in mice.

However, as stated in the vivo studies section, there are also studies that imply the
opposite. A recent study found that BifPs (28 nm; 90/10: anatase/rutile) did not induce
ROS production or increase the expression-BR2AX in A549 cells (0, 2.5, 5, 10, 15, 20,
and 40pug/ml; 24h) [179]. The transcription and protein expression levels of Ha
members, Grp78 and Hsp70, were evaluated to ascertain their syitabiltiomarkers of
TiO, NP-induced toxicity in the respiratory system [180]. Even thouglpthsence of TiO
NPs (25 nm) was confirmed in the cella ultra-structural observations leading to cell death
and induction of intracellular ROS generation, the transcription andrpextpression levels
of Hsp70 and Grp78 did not change at the same dose range (3w/B@Pin A549 cells.
They concluded that Hsp70 and Grp78 are not suitable biomarkers fortenplha acute
toxicological effects of TIQNPs in the respiratory system.

A recent study by Woodrufét al [181] found that Ti@ NPs (10 nm anatase spheres; non-
coated; 0-200g/ml; 24 h) were not genotoxic under the conditions of the Ames test and
Comet assay in the thymidine kinase heterozygote (TK6)ice#i. There was no significant
DNA damage or oxidative DNA damage observed. Warheit et al. [alsf reported
negative results for am vitro mammalian chromosome aberration test on Chinese hamster
ovary cells (CHO) treated with THONPs (metaphase at 750, 1250, and 2mtnl 4 h non-
activated test condition; at 62.5, 125, 2&fIml, 4 h activated test condition, and at 25, 50,
100 pg/ml 20 h non-activated test condition). Linnainmetaal [182] reported similar
negative results in cultured rat liver epithelial cells usingMiheassay. Their results suggest
that both TiQ FPs and NPs (5, 10, and f@/cnf) have no direct clastogenic potential.
Fisichellaet al [183] concluded in their study that surface treated, N®s (100ug/ml of
STNP for 4, 24, and 72 h) with a rutile core (722 nm x 50+10 nmh@treéarmful to Caco-2
cells. In TiQ NP-induced inflammation, NkB is thought to be activated in response to pro-
inflammatory cytokines. However, a recent study by Wilstal [184] showed that after 6 h
incubation with P-25 (10, 50, and 2h6/ml), NF«B was not activated in A549 cells. They
concluded that NkB DNA binding may not be the likely transcription pathway thateto
TiO, NP-induced inflammation. TiONPs also were found to have no effect on the regulation
of plasminogen activator inhibitor-1 expression in endothelial cells [T186k: NPs did not
cause an increase in pro-mitochondrial membrane potential (MMP)2 peo-MMP-9
gelatinolytic activities in conditioned media, there was no dosetimuedrelated decreases in
tissue inhibitors of metalloproteinases 2 (TIMP-2) and no trgtgoral change of TIMP-1
were observed in U937 cells [186].

In summary, manyn vivo andin vitro studies were conducted to investigate the genotoxicity
of TiO, FPs and NPs, but results are conflicting. Some studies indietdiO, NPs are
genotoxic, whereas the others give negative results. Even thoughatitheale for these
conflicting results is not clear, use of different cell typegposure metrics, crystalline
structure, particle dispersion and NP sizes may be an explanatast. d¥1the cell lines
which show genotoxicity are cells associated with the respyratystem and the circulatory
system. Overall, the studies indicating that JNIPs are genotoxic outweigh the studies that
state otherwise. Thus, THONPs can be treated as potential hazards. More studies aeglneed
to determine the conditions in which BLIQNPs genotoxicity occurs [32]. The possible
mechanisms for TiONP-induced genotoxicity involve DNA damage directly or indirectly



via oxidative stress and/or inflammatory responses. Tables 1 and 2 gmexmary of the
genotoxicity studies mentioned in this paper.



Table 1 Genotoxicity of TiO, NPsin vivo studies

Reference No Crystalline structure Exposure Mode Dose Test type Result

[32] P25 (75% anatase, 25% rutile) Drink water (BB@Jmice) 60, 120, 300, and 6Q§/ml Comet assay (+)
Micronuclei assay (PCE) (+)
v-H2AX assay (+)
Immunostaining assay (+)
RT-PCR(TNFe, IFN-y, IL8) (+)
RT-PCR(TGFB, IL-10, IL-4) (=)

[115] Nano-TiO2 intragastric administration 100,00and 5000 mg/kg Micronuclei assay (PCE) =)

[142] (20 nm), rutile (80 nm) Inhalation (C57BL/Gice) 200ug/mi ELISA assay (IL-&, IL-1p, IL-6, and TNF) (+)

[145] Anatase Inhalation (ICR mice) 0, 5,10, anchi kg RT-PCR (IKK1, IKK2, NF<B, NF«BP52, NFkBP65, TNFe, (+)
and NIK)
ELISA (IKK1, IKK2, NF-kB, NF«xBP52, NFkBP65, TNFe, (+)
and NIK)

[146] Anatase Intragastric administration (ICR mice, 2.5, 5, 10 mg/kg MRNA expression (NB; TNF-u, Hsp70, IL-Ti, MIF, INF-y, (+)
TGF{, CRP, CYP1A, IL-4,6,8,10,18)
ELISA (NF«B, TNF-u, Hsp70, IL-Li, MIF, INF-y, TGF$, (+)
CRP, CYP1A, IL-4,6,8,10,18)

[147] Anatase Intratracheal instillation (ICR mice) 0, 2.5, 5, 10 mg/kg RT-PCR (N&B, IxB, TNF-, IL-2, IL-4, IL-6, IL-8, IL-10, IL- (+)
18, IL-6, IL-10, COX-2, HO-1, CYP1A1 and HSP-70)
ELISA (NF«B, IkB, TNF, IL-2, IL-4, IL-6, IL-8, IL-10, IL- (+)
18, IL-6, IL-10, COX-2, HO-1, CYP1A1 and HSP-70)

[148] Anatase, 100% Intraperitoneal injection (I1@ie) 0, 5, 50, 150 mg/kg RT-PCR (caspase-3, caspaBax, Bcl-2, and cytochrome ¢) (+)
ELISA (caspase-3, caspase-9, Bax, Bcl-2, and cypocb c)  (+)

[149] UV-Titanium (rutile, 17 nm)  Inhalation (C57B&BomTac mice) 42 mg/m3 DNA strand breaks =)
DNA microarrays (Cyp26b1, Ttr, and Ugt3a2) (+)
RT-PCR (Cyp26b1, Ttr, and Ugt3a2) =)

[150] P20 (coated with polyalcohol) Inhalation (B876BomTac mice) 42.4 mg/m3 Gene Expression Anal{Siopine5, Saal, and Saa3) (-)
DNA microarray =)
PCR (cxcl-5, cxcll, ccl2, ccl22, ccl7, ccr4, andA)N (+)

[151] UV-Titanium (coated with Inhalation (C57BL/6J mice) 42.4 mg/m3 Expanded $#ntandem repeat (ESTR) assays =)

polyalcohol, 20.6nm)

[152] TiO2 (97%) Inhalation (C57BL/6J mice) 0, 0782, 28.5 mg/m3 Micronuclei assay (PCE) =)
Comet assay =)

[153] P25 (15 nm, ultrafine) Inhalation (Wistarghat 10.4 mg/m3 DNA adduct (+)

[178] Anatase Intraperitioneal injection (ICR mice)0, 5, 10, 50, 100 and 150 mg/kg DNA damage (+)

(+) Positive; (-) Negative.



Table 2 Genotoxicity of TiO, NPsin vivo studies

Reference No Crystalline structure Exposure Mode Concentration Test type Result
[21] Anatase HepG2 cells 0, 1, 10, 100 and 2&0nl of TIO2 Comet assay (+)
NPs Fpg-Comet )
Upregulated mRNA expression (p53) (+)
Rutile Comet assay (
Fpg-Comet (€3]
Upregulated mRNA expression (p53, mdm2, p21 and4fad (+)
[28] Anatase, 99.7% A431 cells 0.008 8§'ml (10 times) Comet assay (+)
[30] TiO2 NPs (99% pure) Human lymph- oblastoid 130ug/ml Cytokinesis-block micronucleus (CBMN) assays +) (
cells HPRT mutation assay (+)
65 pg/ml Comet assay (+)
[93] Anatase/Rutile, 80/20 NR8383 rat lung alveolar 0, 10, 20, 40, 8@g/cm2 gRT-PCR (HO-1) (+)
macrophages Immunocytochemistry (NkB) (+)
[114] Rutile CHO cells 0,25, 50, 1Q@/mi Mammalian chromosome aberration test (+)
[155] Spherical (anatase & rutile) A549 cells 1Q0mI Single strand breaks Comet assay (+)
HPLC-MS/MS )
8-oxodCuo (+)
[156] P30.6 WISH cells 0.625-2Gy/ml Olive tail moment (+)
ROS generation (+)
Cell cycle arrest (+)
[157] Anatase (< 100 nm) IMR9O0 cells BEAS-2B cels2,5,10,5Qug/cm2 Olive tail moment =)
DNA breaks =)
[158] V205 treated TiO2 anatase V79 cells 0,1,93@25ug/cm2 Micronucleus test (+)
DNA damage (+)
Untreated anatase
[159] Spherical (anatase) Spicular (rutile) THPellsc 0,20, 100, 500g/mi ROS (+)
[160] Anatase, 99% U937 cells 0.005-4 mg/mi DNAgfreentation (+)
[161] Anatase/rutile, 80/20 RAW264.7 cells 0,118, 40 or 8Qug/cm2 DNA fragmentation (+)
ELISA (CDDE) (=)
[162] P25 (70-85% Anatase, 30-15% rutile) Humanpdreral blood 0, 20, 50, 10Qug/ml Flow cytometry of apoptosis (+)

lymphocytes Western blot (cleaved caspase-8, -3, Bid, and e®®ARP)  (+)




[163]

[164]

[165]
[166]

[167]

[168]

[169]
[170]

[171]

[172]

[173]
[174]

[175]

Anatase BEAS 2B cells 0, 5, 50, 4e@'ml

P-25 (70-85% Anatase, 30-15% Human perip- heral blood 0, 20, 50, 10Qug/ml
rutile) lymphocytes

P-25 (75% Anatase, 25% rutile) HaCaT cells 0 g6/ml

TiO2 NPs Human lymphocytes 0,2,4,6,8,10 mM
Rutile (>95%, <5% SiO2 coating) BEAS 2B cells 1-10Qug/cm2
anatase (99.7%)
PEG-TIiO2 NPs (P25 80% anatase,NCI-H292, HelLa and 75 pg/mi
20% rutile) HepG2 cells
Anatase, anatase/rutile Caco-2 cells 2Qu@om2
Anatase (10/20) BEAS-2B cells 0, 5, dg/ml
P15 NIH 3T3 cells and human 10 pg/ml
fibroblast HFW cells

50 pg/ml

0-100ug/mi
Ultrafine €20 nm) SHE cells 0,0.5, 1, 5, 1@/cm2
P25 anatase SHE cells 0,10, 25u8&m2

TiO2 NPs Chinese ham- ster ovary-KQ.5, 1ug/mi

(CHO-K1) cells

Chinese ham- ster ekdry 0, 10, 20, 4Qug/mi
(CHO-K1) cells

Anatase (100% <25 nm)

SiRNA transfection

PCR (Caspase 3 and PARP)

SiRNA knockoutt Bid expression

Western blot (bcl-2, bax, t-Bid, caspase 9, cytoofe C and

p53)

Comet assay

Western-blot(p53, p63, phospho-p53, Chk1, phosphiatC

Chk2, phospho-Chk2, phospho-FKHR, phospho-FKHRL1)

Flow cytometry of apoptosis

MRNA expression (Keratin 6)
nmeobassay

DNA ladder assay

Comet assay

CBMN assay

Comet assay

CBMN assay

RT-PCR (CSF-2)

RT-PCR (IL6, HMOX-1)

Fpg-comet assay

Micronucleus test

Comet assay

Micronucleus assay

ROS

Colony forming assay

Western blot (ERK, MEK)

Micronucleus assay

Kinetochore staining

DNA fragmentation

DNA ladder assay

Comet assay

Sister chromatid exchange (SCE)

Micronucleus assay

Comet assay




[176]

[177]
[179]

[180]

[181]
[182]
[183]

Gene mutation assay (Hprt)

ImmunofluorescentytH2AX)

DNA damage (ATM/Chk2)

ROS

DNA double strand breaks-H2AX)
MRNA expression (Grp78

and Hsp70)

Western blot (Grp78

and Hsp70)

Comet assay

Micronucleus assay

P25(99.5% purity, 73—85% Human neonatal foreskin 0, 10, 25, 50, 100, 250, 500, 1000 DNA damage
anatase/14-17% rutile and 2—-13% fibroblast cells png/mi

amorphous)

Anatase (15 nm, 100%) Human dermal fibrolslast 0, 1, 3, 1Qug/ml

P28 (anatase 90%, rutile 10%) A549 cells ,@,5ug/ml

P25 A549 cells 25-500g/ml

TiO2 NPs TA-100 cells 200g/mi

P25, UV-titan M60 Rat liver epithelial cells 0, 5, 10, 2Qug/ml

Surface treated rutile TiO2 Caco-2 cells 1G0mI

Gene expression analysis

(+)

A/TA
~— — —

(+) positive; (=) negative; (£) uncertain.



Reproductive and developmental toxicity

Although experimental evidence shows that absorbed padticles may be able to move
across the placenta into fetal tissue, it has not yet beenigstablvhether human exposure
to TiO, particles causes reproductive and developmental toxicities. Exposure ofpebis,
such as zebra fish [187] and abalone embryo [113], te p&ticles have shown that it can
impair reproduction, inhibit hatching, and cause malformations. Howeveheircase of
zebra fish some disagree [188]. In mammals, limited animalatatavailable to define the
developmental or reproductive toxicity of TLIQIPs. With respect tm vivo studies, Takeda
et al. [189] demonstrated that prenatal subcutaneous exposure of mice tblH$J25 and
70 nm; 16 mg/kg) at day 3, 7, 10, and 14 can damage the genital and reaveasystems in
the offspring. In this study, TEONPs identified by energy-dispersive X-ray spectroscopy
were found in the testes and brain of exposed 6-week-old male nhiad indicated that
TiO, NPs may penetrate both blood-testis and blood—brain barriers (EBBhizu et al
[88] reported that, in the brain tissue of male fetuses (embryopit@)aand pups (postnatal
days 2, 7, 14, and 21), subcutaneous injection of pregnant micel(T@D, NPs suspended
at 1 ug/ul) altered expression of genes associated with brain developmahtdeath,
response to oxidative stress, and mitochondrial activity in the braingdtire perinatal
period [88]. Even though subcutaneous exposures may not be realistia diisieés show
that the fetal nervous system is specifically sensitive ttemal TiQ NPs exposure during
pregnancy. Moderate alterations in neurobehavior were also notedugyétdet al [90] in
mated C57BL/6BomTac mice exposed (1 h/day) through inhalation (423ntyrsurface
coated TiQ NPs (UV-Titan; 97 nm) on GD 8-18. Yamasletaal [190] reported that silica
and TiQ NPs with diameters of 70 and 35 nm, respectively, can causmaney
complications when injected intravenously into pregnant mice. T@g NPs were found in
the placenta, fetal liver and fetal brain. Mice treated wit®, TPs had smaller uteri and
smaller fetuses than untreated controls.

Komatsuet al [191] investigated the effects of TAQIPs on mouse testis Leydig ceilts
vitro and found TiQ NPs were more cytotoxic to Leydig cells than diesel extengtarbon
black NPs. TiQ NPs were taken up by Leydig cells, and affected viability iferation and
gene expression.

In summary, limitedn vivo andin vitro studies suggest that TiOIPs exposures may exert
certain reproductive and developmental toxicities. Further studéeseseded to clarify the
mechanisms underlying these toxicity results.

Carcinogenicity

The mechanisms of metal-induced carcinogenesis are not well towderBoth genetic and
non-genetic factors elicited by TiQIPs in cells may predispose to carcinogenicity [176].

Experimental studies

Animal experimental studies show that high concentrations ot FHRs (<2.5 um; 250
mg/nt; 2 yrs) and TiG NPs (<100 nm; 10 mgfin2 yrs) can cause respiratory tract cancer in
exposed rats [43,192]. Chronic lung inhalation studies have shown thaNPi©can cause
bronchoalveolar adenomas and cystic keratinizing squamous cell caasirainhigh doses
[9] and alveolar/bronchiolar adenoma [193]. Heinrieh al [194] investigated the
carcinogenicity of TiQ NPs (1540 nm) and found TiQIPs were tumorigenic in rats at a



concentration of approximately 10 mgd/for 2 years, followed by a 6-month holding period.
TiO, NPs seem to have more carcinogenic potential in the rat tharFPi©on an equal mass
dose basis. This difference in carcinogenic potency suggestedatidandevelop separate risk
estimates for Ti@ FPs and NPs exposures, and to develop separate recommendations for
occupational exposures to each size range [43].

To assess the health risks of occupational exposure teg N3, Kuempelet al [76]
extrapolated rodent data to humans using a lung dosimetry model.t¥iesed estimates of

the working lifetime airborne concentrations of 7i@Ps associated with 0.1% excess risk of
lung cancer were approximately 0.07 to 0.3 nig/losing a similar model, Dankoviet al

[43] extrapolated rat threshold estimates to lifetime human atiomal exposures and found

a range of estimated occupational exposure levels of 0.8-5.8%fay/MiO, FPs, and 0.09—
0.66 mg/ni for TiO, NPs. Such risk analyses formed the basis for development of RELs of
0.3 and 2.4 mg/thfor TiO, NPs and FPs, respectively [50]. Due to the lack of human
epidemiological information, these extrapolation models using anixparienental data are

still useful in the prediction for risk assessment of occupational exposure NP

In an intratracheal instillation study female rats wedeniaistered TiQ hydrophilic or
anatase NPs (21-25 nm; 1/week for 30 weeks) of different doses [19%fcidence of lung
tumors (52-69.6%, adenomas/carcinomas and squamous cell epithelionmasitasc
combined) in rats receiving Tchydrophilic or anatase NPs was significantly higher than
controls (0%). Anatase NPs also significantly induced highedencie of lung tumors (30—
63.6%). The incidence of benign and malignant lung tumors in the Ay@ophilic NPs
groups (6.7%) was not significant. The incidences of cystic keratinizing lemitias (11.7%)
and squamous cell carcinomas (4.8%) were significantly greater tki®a control group
(0.5%) in another inhalation study with female rats treated wifh Particles (particle size
not stated; 11.3 mgfn24 months, followed by 6 months observation) [196]. Berearal
[197] conducted toxicological and carcinogenesis studies of di€i@y-coated mica in rats
fed diets containing 0, 1.0, 2.0, or 5.0% Fdated mica for up to 130 weeks. They found
no evidence that Ti&coated mica produced either toxicological or carcinogenic sffact
dietary concentrations as high as 5.0%.

In regards to skin cancers, a two-stage skin model was used élyaX [71] to examine the
promoting/carcinogenic effect TKONPs (rutile, 20 nm). C-Ha-ras proto-oncogene transgenic
(Hras128) rats, which are sensitive to skin carcinogenesis adniltetype siblings were
exposed to UV-B radiation on shaved back skin twice weekly for Hksvd he shaved area
was then painted with a 100 mg/ml Bi®P suspension twice weekly until sacrifice. The
tumor incidence was not different from the UV-B controls. They sugdeabat TiQ NPs
does not cause skin carcinogenesis, which may be due to its ynabpnetrate through the
epidermis and reach underlying skin structures. The same conclussoreached by Sagawa
et al [70] who studied the promoting effect of silicone coated, TNP's (35 nm; 5 times a
week for 8 and 40 weeks; 0, 10, or 20 mg) suspended in silicone oil and non-coatdiiPFiO
(20 nm; twice a week for 28 or 40 weeks; 0, 50, or 100 mg) suspended ataRet@i8 on a
two-stage skin chemical carcinogenesis model. Analysis of skiratedi¢hat silicone coated
TiO, NPs and non-coated TiMIPs did not penetrate though either healthy or damaged skin.
Newmanet al [65] also suggested that TA®IPs are not carcinogenic to the skin because
they do not penetrate the intact dermal tissue. Howeveruthera emphasized that further
studies for the safety evaluation of the T71IPs in sunscreens must be done to simulate real-
world conditions particularly in sunburned skin and under UV exposure.



Pulmonary studies support the carcinogenicity of ,TNIPs in intratracheal and inhalation
studies. However, exposure modes such as intragastric or dermalrexgdosnot indicate
that TiO, NPs are carcinogenic.

Epidemiological studies

Epidemiological studies on workers exposed to;p@rticles, thus far, have not been able to
detect an association between the occupational exposure and anemhars&sfor lung
cancer. Furthermore, most studies were not designed to inveshigatddtionship between
TiO, particle size and lung cancer risk, which represents an impapti@stion for assessing
the potential occupational carcinogenicity of TiQIPs [32]. The results from the
epidemiological studies that have been conducted (no particle sinredjeshow that there
are no significant associations between ;T&posure and risk of lung cancer [198,199],
elevated standardized mortality ratio (SMR) for cancer [20€], r@duction in ventilatory
capacity [119]. As a whole, these epidemiological studies imptyoit@upational exposures
to TiO, FPs (or total dust) are not associated with increasing ris&mafecs. Unfortunately,
epidemiological studies of adverse health effects induced byNKS3 alone are lacking. The
relatively short history in production and use seems to be the ne@ason for the lack of
human epidemiological studies for HIQIPs. Furthermore, it is difficult to make reliable
hazard assessments of manufactured NPs, because the NPsméarder agglomerates in
both in vitro and in vivo studies [51]. Experimental evidence supports that, TNP
agglomeration increases when the surface area decreasesomstant pH and that the
isoelectric point for TiQ depends on the particle size [201]. The interaction of this inctease
surface area with the biological environment induces oxidativessf8}. It is worth noting
that although Ti@Q NPs are prone to forming agglomerates of >100 nm in suspensios, thes
agglomerates are not stable and may dissociate in bodily fluidéssoés. However, the
extent of such dissociation has not yet been determined. To evdieakealth effects of
TiO, NPs on workers, further well designed epidemiological studeesi@eded. The animal
studies that have been conducted (those mentioned in this paper) indieatgapoisk
factors that could be assessed in occupational settings. Exavhpleential risk factors are
the underlying health of the workers and co-exposures.

In summary, available epidemiological studies as welhadvo animal experimental data
concerning the carcinogenic effects of Tifarticles are outlined above. Epidemiological
studies on workers exposed to 7i®GPs failed to detect an association between the
occupational exposure and an increased risk for cancer. Availabléralatdauman studies

on TiO, NPs exposures alone are still lacking. Carcinogenicity studienimals indicate
that TiG, NPs can produce tumors when given by inhalation or intratracistgliation and

are more carcinogenic on an equal mass basis than HRS. The tumors preferentially
include adenomas and squamous cell carcinomas. Based on the studied abtbve, TiQ

NPs were evaluated by World Health Organization (WHO)/IAR@ &roup 2B compound
[202]. An overview of currently available carcinogenicity data oi®©,TNPs from
experimental animals raises serious questions as to thdih laea environmental safety.
Therefore, all commercially available Ti®IPs should be assessed and their production and
application should be managed appropriately. At this stage, risk tdvézation of TiQ NPs

is hampered by incomplete or lack of data on human exposure and dose- response analysis.



Molecular mechanisms of carcinogenesis

Many studies have shown that Bi®GPs and NPs induce cytotoxicity and genotoxicity in
various cultured cell lines as well as tumorigenesis in annualels [171]. As stated above,
DNA strand breaks, mutations, chromosomal damage and cell transtorrhave been
observed in some vitro or in vivo studies. However, the exact mechanisms of, TND-
induced carcinogenesis are not clear. Recent evidence indicateR@%tformation,
induction of inflammation and alterations in cell signal transdudtidiced by TiQ NPs
may play an important role in the etiology of their carcinogenddevated levels of ROS
and down regulation of ROS scavengers and antioxidant enzymesec&tesl with various
cancers [203]. ROS consist of a group of partially reduced formslacodar oxygen, such
as hydroxyl radical (*OH), superoxide anion,(Q) singlet oxygen’Q,), hydrogen peroxide
(H20y,), lipid peroxides, and hypochlorous acid (HCIO) [204]. Accumulation of R@$ be
accompanied by the production of reactive nitrogen species [205], sticl highly reactive
peroxynitrite anion, a strong oxidant formed by the reaction,0fadd NOes. The cumulative
production of ROS through either endogenous or exogenous insults is termdatdvex
stress. Oxidative stress induces a cellular redox imbalance ifovradous cancer cells. ROS
could induce non-selective DNA damage, which may result in genetitgeban active
genes. Oxidative damage to cellular DNA can lead to mutationsmiketions in DNA may
be involved in the initiation of various cancers. Therefore, oxidatressinduced by ROS
generation may play an important role in the initiation and progressf multistage
carcinogenesis of TiONPs. The generation of ROS and induction of inflammation leading to
alterations of signaling components due to;JIINP exposures are reviewed in this paper.

Generation of ROS

It has been hypothesized that insoluble particle accumulation inartieal lungs is
mechanistically linked to the development of lung tumors [43]. Accumalaf TiO, NPs in
the lung leads to chronic inflammation, which may further lead tdéotimeation of ROS and
epithelial proliferation, and eventually lead to mutations and tumorafitom Some of the
studies cited previously have reported the involvement of free lmditaDNA damage
[28,157], ROS-induced activation of p53-mediated DNA damage check ponaisi[164],
increased intracellular ROS leading to increasell @ell cycle arrest or delay [156,171],
cell-derived oxidants involved in induction of mutagenesis [144], and iredteadracellular
ROS coupled with HO-1 and NOS mRNA expression and &Ne&lease [93]. Others have
linked TiO, NPs (Wistar rats; 1, 5, 10, 25, andgIml; <25 nm; 1 h) to ROS generated as a
result of mitochondrial dysfunction in lung tissues [206]. Jaegeal [207] investigated
whether ROS-induced mitochondrial DNA damage is the mode of actianici TiO, NPs
(<20 nm) induce cytotoxic and genotoxic effects in human HaCaT hkecgtesin vitro.
They demonstrated the induction of the mitochondrial "common deletmofaCaT cells
following exposure to Ti@ NPs. They proposed a ROS-mediated (increased 16.7 fold of
control; 4 h; 5 and 5@g/ml) cytotoxic and genotoxic potential for TAMIPs. They also
showed that Ti@ enters the cell by endocytosis. Another study with HaCaT @dfo
showed that TIiQNPs (anatase, rutile and anatase/rutile; 4, 10, 21, 25, and 60 npg/&0D
could induce the generation of ROS and damage the cells under udtiravigUVA)
irradiation [20] . The induced ROS resulted in oxidative stresearHaCat cells, reducing
SOD and increasing MDA levels. The cell viability was alsoreleged in a dose dependent
manner. Reduction of cell viability and increased ROS generayidn NPs under UVA
irradiation was also noted by Sandetsal [208]. Similar effects were seen in a recent study
by Yin et al [209] on HaCat cell cultures. Yaa al [210] also stated that sub-100 nm sized



TiO, treatment under UVA irradiation induces apoptotic cell death thr&®@S-mediated up
regulation of the death receptor, Fas, and activation of the pre-apoptotic protein, Bax

In addition to these, a long term study (intratracheal admit@ira2.5, 5, and 10 mg/kg)
found that TiQ NPs (5-6 nm) caused oxidative damage in lungs and enhanced expression of
(Nrfy), HO-1 and glutamate-cystine ligase catalytic subunit (GQirCJays 15 and 75 which
began to decrease on day 90 [211]. They suggested that induction ekphgssion was an
adaptive intracellular response to Fi@P-induced oxidative stress in mouse lung. Another
study on PC12 cells found that Li®IPs (1, 10, 50, and 1Q@y/ml; 6, 12, 24, and 48 h)
caused generation of ROS in a dose and time-dependent manner, teaapogtosis [212].
ROS-mediated oxidative stress, the activation of p53, Bax, and e&dpas well as
oxidative DNA damage were found to be involved in the mechanistic pgthef apoptosis
induced by TiQ NPs (anatase; 25 nm; 50, 100, and g@0nl; 24, 48, and 72 h) in human
embryonic kidney (HEK) 293 cells [213]. These increases followed a dose-deperttemt pa
Wu et al [214] also showed the involvement of p53 and JNK activation in G2/Mcyeli
arrest and apoptosis induced by anatase Ws (20 nm; 25, 50, 100, and 20§/ml) in the
neuronal cell, PC12. A study on dendritic cells also found that NPs enhanced ROS
production [215]. Wanget al [216] found that TiQ NPs (intragastric exposure; 30
consecutive days) exerted toxicity on the mouse spleen througlatiog stress with
significant increases in ROS. This subsequently led to stro@ &Rd the significant
expression of HO-%ia the p38-Nrf-2 signaling pathway.

Uchinoet al [217] showed that the crystal size of 7iBPs (anatase; 30 nm; &' ml) had
large influence on *OH generation, but the optimum size for the *OHaj@mewas different
between both crystalline forms (anatase and rutile). A significelationship was observed
between cytotoxicity and «OH generation in CHO cells.;TINP’s (rutile; 40—-70 nm, minor
axis; 200-300 nm, major axis; 40-55 g/100g) were also shown to have theagbdtenti
convert benign tumor cells into malignant ones through the generatR@$fin the target
cells [218]. However, apart from all of these studies imphecaliiO, NP-generated ROS in
cellular and molecular effects, a recent article by Toyabkd [219] demonstrated that T3O
NPs could cause DNA damage without generating ROS. Their stxdwired the
genotoxicity of two different sizes of TPONPs in the A549 cells based on the
phosphorylation of-H2AX. Flow cytometric analysis showed that the generationtd2AX

by TiO, NPs was independent of cell cycle phases, and cells which inategadarger
amounts of TiQ particles had more significaptH2AX.

I nduction of inflammation

Most of the studies previously mentioned in other sections have alsde® inflammatory
effects due to TINPs exposure. The details of the molecular events involving inflammation
for some of these studies will be discussed here. Cytokinesoargonents of the immune
system that are involved in these molecular events, either asstsyor antagonists of
inflammation. TiQ NPs (anatase; 20 nm; rutile, 80 nm; 7.5-30mg/kg) signaled the
interleukin 1 (IL-Xx) family of cytokines in a mouse lung model [142]. The signaling ef IL
1R by TiQ NPs is similar to that of asbestos. Others showed thap lpr@éduction was
depended on active cathepsin B and ROS production independent of the dbacactd
TiO, [159]. Another study showed increased expression off|Utt2, IL-4, IL-6, IL-10, and
IL-18, in nephritic inflammation caused by TIMIPs intragastrically administered to mice
(5-6 nm; 2.5, 5, and 10mg/kg; everyday for 90 days) [146]. In addition, N3 activated
NF-kB, leading to increased expression of TMAMMIF, cross-reaction protein, TG,



interferony, and CYP1A1l, and decreased Hsp70 expression. Mbah [220] showed that
the levels of pro-inflammatory mediators, such as BlL-TNF-a, and macrophage
inflammatory protein (MIP)-2, in BALF and mRNA expression of Té&nd IL-18 in lung
tissue were elevated post-exposure in mice (intraperitoneal; gfRgnBW). TiG, NP
exposure increased neutrophil influx, protein levels in BALF, and RfD@tg of BAL cells

4 h after exposure. In addition, TAONP exposure resulted in significant activation of
inflammatory signaling molecules, such as c-Src and p38 mitogmatad protein kinase
(MAPK), in lung tissue and alveolar macrophages. Activation of NRexB pathway in
pulmonary tissue was also noted. Kah al [143] showed that Ti® NPs increased
phosphorylation of p38 and troponin 1 in cardiac muscle. It can be seerthaérthe
induction of inflammation by TiI@NPs involves a host of other molecular components and
events including the signaling of cytokines. Additional evidence forishshown by the
following references [145,154,160,162,180].

Recent research indicates that Tigarticle-induced alterations in signal transduction may
also play an important role in the etiology of cancer. Goncaves$ [221] investigated the

in vitro effects of TiQ NPs on human neutrophils. Kinetic experiments revealed no cell
necrosis after a 24 h treatment with 7iPs (0—-10Qug/ml). However, TiQ NPs markedly
and rapidly induced tyrosine phosphorylation events, including phosphorylatioro ddetw
enzymes, p38 MAPK and extracellular signal-regulated kinaegEtk-1/2). Supernatants
from induced neutrophils were collected after 24 h and tested fordeenme of 36 different
analytes (cytokines, chemokines) using an antibody array assayNPi@eatment increased
production of 13 (36%) analytes, including IL-8, which exhibited the greatescase
(approximately 16 fold increase compared to control). These rasditate TiQ NPs exert
important neutrophil agonistic propertigsvitro which represents one of the characteristics
of carcinogens. Cheet al [118] pointed out that a mixture of anatase and rutile; NBs
(<100 nm, anatase/rutile 99.5% trace metal basis; 0—0.75 mg/ml) inkiigtaahine secretion

in mast cells (RBLH3 cells). Mast cell exposure to TiONPs activated membrane L-type
C&* channels, induce ROS production and stimulate PLC activity. Influxxtoficellular
Cd" raises [C&] i, and when coupled with the #P; receptor pathway can trigger the
release of ER resident €aand subsequent histamine secretion. They stated thatNR®
directly trigger inflammatory mediators, thus bypassing traalti immuno-stimulation by
allergens. These results suggest that mast cell degranulation of histaayithe significantly
augmented and intensified in TAQIP exposed tissues with or without IgE antibody-based
sensitization.

In conclusion, research evidence seems to be sufficient toudentiat both Ti9FPs and
NPs generate ROS as demonstrated by loothivo and in vitro studies. ROS-induced
signaling and activation of the IL family of cytokines, Baxsmases 3 and 9, NEB, and
p53, as well as phosphorylation of p38 andihase cell cycle arrest seem to be common
findings. In regards to induction of inflammation leading to the prodoctf ROS,
inflammatory cytokines seem to play an influencing role. Furtbezmexperimental data
suggest that ROS generation and oxidative stress may be impaorta®D,i NP-induced
genotoxicity and carcinogenicity. The exact mechanisms of Ni®induced carcinogenesis
are not clear. Limited data show that ROS, oxidative stressyedl as, cell signaling
alterations of carcinogenic genes may all play significalessrin the carcinogenicity of TO
NPs at relatively high doses. Further studies are needed engpliayver, occupationally
relevant doses, which avoid the confounding influence of possible overload.



Summary

Conventionally, TiQ FPs have been considered as a low toxicity materiak NE¥ possess
different physicochemical properties compared to,H®s, which would be expected to alter
their biological properties. A full risk assessment for variouseoof exposure to TEONPsS
requires further data. Apart from the NIOSH recommended REdat® no occupational or
environmental exposure limits for TIONPs have been set by any other regulatory agency.
Current understanding on their toxicity largely depends on a timitenber of experimental
animal or cell culture studies, where extrapolation to human exg®sigr required.
Epidemiological studies thus far have not been able to detectsania®n between the
occupational exposure to TiOparticles and an increased risk for cancer. The
physicochemical properties of TAONPs may strongly influence their bioavailability and
toxicity. Majority of data imply that TiQanatase NPs are cytotoxic or genotoxic. However,
this conclusion was based on studies using, Ta@atase NPs only. Under conditions of
occupational exposure, inhalation of Bi8Ps is normally the principal route for entry into
the human body. Pulmonary inflammatory responses and lung cancére arest important
adverse effect observed in experimental animals due tpNIFOexposures. When only using
realistic doses are considered, as in the case of some inhatidies, inflammatory
responses are still a prominent effect seen, N®s can be absorbed through the lung or
GIT into systematic circulation and then distributed in differegans such as liver, kidneys,
spleen, or even brain causing localized effects. However, theofrat@éch translocation is
currently uncertain. Some evidence has shown that i€ cannot penetrate the intact skin
into the human body. TKONPs may have the potential to penetrate the blood—brain, blood-
testis and blood-placenta barriers. However, the rate of trarislocappears low and
evidence is lacking which link systemic responses to translocatigarticles to systemic
sites. Many studies have been conduatedtro andin vivoto investigate the genotoxicity of
TiO, NPs but the results are conflicting and doses employed wdreQegtain reproductive
and developmental toxicities in experimental animals or celli@dthave been observed in a
few in vivo andin vitro studies. Whether human exposure to ;IINPs causes reproductive
and developmental toxicities is unclear. Animal studies implyabedimulation of TiQ NPs

in organs or tissues may take place after continuous exposure. Resigoaseumulation of
TiO, NPs in systemic organs need to be evaluated in further studieddibion, TiQ NP-
induced generation of ROS and alterations in cell signal transductiomwagys may play an
important role in the etiology of carcinogenesis of JiRPs at relatively high doses.
However, these studies should be repeated at doses relevant to poconadtional or
environmental exposure conditions where particle overload is not an Rssgite this, the
results currently available imply that TAQIPs exhibit greater toxicity than Ti®Ps. These
data should not be ignored, and development of prevention strategietetd warker health
appears to be a prudent course of action.

In summary, although Ti©ONPs have been studied extensively in recent years, ther# is sti
much remaining to be elucidated concerning their possible healtttsetfie support risk
assessment and management.

First, to assure worker and consumer safety, it is urgently targoto conduct exposure
hazard assessment, which would allow the development of a framewabkingnrisk
management for all commercial TA®IPs. This also includes bio-safety evaluation of;TiO
nanoparticulate carriers for drug delivery application.



Second, all future studies on BLi®Ps should characterize the physicochemical properties of
the NPs, such as size distribution, crystalline structure, suafaee surface coating, etc., as
delivered to the biological system. This will allow for bett@mmparison of data from
different studies and assist in determination of appropriate dosimetry.

Third, long-term animal studies comparing the toxicity and caganiity of TiG, FPs and
NPs are especially needed. The focus of these studies maistdzeat both occupational and
consumer relevant doses and routes of exposure.

Fourth, detailed toxicokinetics studies that include absorption, distributi@tabolism,
accumulation, and excretion of TAMIPs through different exposure routes into the human
body are indispensable. In addition, future studies should focus on evalagstegnic
responses distinct from the organ of exposure and biomarkersingfléoD, NP exposure
and toxic effects.

Finally, the molecular mechanisms by which TiO2 NPs may caaseer are unclear.

Limited data show that ROS generation and signal alterabioosrtain cancer-related genes
may be involved in the carcinogenicity of HIONPs. Therefore, further investigation is
needed to elucidate the molecular mechanisms of carcinogenicity fpNPAS

Abbreviations

(3-D-HB), 3-D-hydroxybutyrate; (DOPAC), 3 4-dihydroxyphenylacetida(5-HT), 5-
hydroxytryptamine; (5-HIAA), 5-hydroxyindole acetic acid; (AOO), Anat-Olive Oil;
(AHR), Airway hyper-reactivity; (ALT), Alanine aminotransferag8CGIH), American
Conference of Governmental Industrial Hygienists; (AST), Aspartate aiansférase;
(BER), Base excision repair; (BBB), Blood brain-barriers; (BUN), Blo@aunitrogen;
(BW), Body weight; (BALF), Bronchoalveolar lavage fluid; (BEAS-2B), Brioiat
Epithelial; (CHO-K1), Chinese hamster ovary-K1; (Hras128), C-Ha-ras-pratogene
transgenic; (CK), Creatine kinase; (CBMN), Cytokinesis block micronuc(us),
Dopamine; (ELISA), Enzyme-linked immunosorbent assay; (ESTR), Expanded simple
tandem repeat; (FRII), Fcy receptor II; (FP), Fine particle; (FPs), Fine particles; (FDA),
Food and Drug Administration; (GIT), Gastrointestinal tract; (GD), Gestaays; (GCLC),
Glutamate-cystine Ligase Catalytic Subunit; (GST), Glutathionar&ferase; (Hsp70), Heat
shock protein 70; (HO-1), Hemeoxygenase-1; (HDL-C), High density lipoprotein tdroles
(HVA), Homovanillic; (HEK), Human embryonic kidney; (1H-NMR), Hydrogen-1 nacle
magnetic resonance spectroscopy; (HCIO), Hypochlorous aci@®,)Hydrogen peroxide;
(*OH), Hydroxyl radical; (HPRT), Hypoxanthine phosphoribosyltransfe #sk:- a IKK-3),
IxB kinases; (IL), Interleukin; (IARC), International Agency for Reskan Cancer; (LDH),
Lactate dehydrogenase; (LPO), Lipid peroxidation; (LEV), Local esthwentilation; (LDL-
C), Low density lipoprotein cholesterin; (MIP), Macrophage inflammatory joroeIMIF),
Macrophage migration inhibitory factor; (MDA), Malodialdehyde; gbfpMedian lethal
dose; (LGg), Median lethal concentration; (MN), Micronucleus; (MMP), Mitochondrial
membrane potential; (MAPK), Mitogen-activated Protein Kinase; (NAC3cetylcysteine;
(NP), Nanoparticle; (NPs), Nanoparticles; (NIOSH), National Institut®©ccupational
Safety and Health; (NEDO), New Energy and Industrial Technology|bawent
Organization; (NIK), NR¢B-inducible kinase; (NO), Nitric oxide; (NOS), Nitric oxide
synthase; (NOAEL), No Observed Adverse Effect Level; (NE), Nasggirine; (NF<B),
Nuclear factor kappa-light-chain-enhancer of activated B cells; (NE&)leotide excision



repair; (OSHA), Occupational Safety & Health Administration; (OT®M)ye tail moment;
(OECD), Organization for Economic Co-operation and Development; (OVA), Ovalbumin;
(PM), Particulate matter; (PEL), Permissible exposure limitGRAhenylacetylglycine;
(PDT), Photodynamic therapy; (PCE), Polychromatic erythrocyte; JPE@byethylene
glycol; (ROS), Reactive oxygen species; (REL), Recommended exposilyéRDI),
Relative deposition index; (RP-HPLC), Reversed-phase high performance liquid
chromatography; (RT-PCR), Real-time quantitative PCR; (SEM), Scartengon
microscopy; (Saal), Serum amyloid A-1; (Saa3), Serum amyloid A-3; ($&eium
glutamic oxaloacetic transaminase; (SGPT), Serum glutamic pyravisaminase’Q.),
Singlet oxygen; (Sig), Silicon dioxide; (SCE), Sister chromatid exchange; (SMR),
Standardized mortality ratio; (SC), Stratum corneun; jOSuperoxide anion; (SOD),
Superoxide dismutase; (TEM-EDX), TEM-coupled Energy Dispersive X(f&@E-SIMS,
Time of Flight Secondary lon Mass Spectrometry; (TWA), Time weightechgee(TIMP-
2), Tissue inhibitors of metalloproteinases 2; (Ti), Titanium; £)i@itanium dioxide;
(TLV), Threshold limit value; (TLR2), Toll-like receptor-2; (TDI), Toluenésdcyanate;
(TC), Total cholesterol; (TGH), Transforming growth factgs: (TEM), Transmission
electron microscopy; (TG), Triglyceride; (TMAOQO), TrimethylamiNeoxide; (TNF),
Tumor necrosis factar: (UVA), Ultraviolet-A; (UVB), Ultraviolet-B; (V,0s), Vanadium
pentoxide; (WHO), World Health Organization.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

HS and RM were involved in writing the manuscript, JZ and VC helpearganize and
proof read the final manuscript. All authors read and approved the final manuscript.

Authors’ information

Miss Hongbo Shi and Ruth Magaye are graduate students at Nimijerdity, China. Their
current research focus is on nanotoxicology of nanomaterialsuthAera or co-authors they
have collectively published 7 scientific manuscripts.

Vincent Castranova, Ph.D., is the Chief of the Pathology and PbggiBlesearch Branch in
the Health Effects Laboratory Division of the National InstiigieOccupational Safety and
Health, Morgantown, West Virginia. Dr. Castranova’s research esi®r have been
concentrated in pulmonary toxicology and occupational lung disease. Hebdwas
coordinator of the Nanotoxicology Program in NIOSH since itsptioe in 2005. He has
been a co-editor of four books and has co-authored over 540 manuscripts and book chapters.
Dr. Jinshun Zhao works as a professor and director of Public HeghidwrtDent of Medical
School of Ningbo University, Ningbo, Zhejiang, China. Dr. Jinshun Zhaoéarels interests
have been concentrated in occupational and environmental disease, toxaalagylecular
mechanisms of chemical and metal-induced carcinogenesis. Hentcuesearch is focused
on the toxicology of nanomaterials. As an author or a co-authdrash@ublished over 100
scientific manuscripts.



Acknowledgements

The excellent assistance of Mrs. Linda Bowman, Prof. Gunter OlséedoMrs Baobo Zou,

Mr. Kui Liu and Miss Xia Yue in the preparation of this adie$ greatly appreciated. This
work was partly supported by the National Nature Science Foundati&@hiof (Grant
No0.81273111), the Foundations of Innovative Research Team of Educational Comufission
Zhejiang Province (T200907), the Nature Science Foundation of Ningbo(Grignt
No0.2012A610185), the Ningbo Scientific Project (SZX11073), the Scientific Inioovat
Team Project of Ningbo (no. 2011B82014), Innovative Research Team of Ningbo
(2009B21002) and K.C. Wong Magna Fund in Ningbo University.

Disclaimer

The findings and conclusions in this report are those of the authodoandt necessarily
represent the views of the National Institute for Occupational Safety aithHe

References

1. Kisin ER, Murray AR, Keane MJ, Shi XC, Schwegler-Berry D, éBkrO, Arepalli S,
Castranova V, Wallace WE, Kagan VE, Shvedova &fgle-walled carbon nanotubes:
geno- and cytotoxic effects in lung fibroblast V79 cellsl Toxicol Environ Health 2007,
70:2071-2079.

2. Robertson TA, Sanchez WY, Roberts M8e commercially available nanoparticles
safe when applied to the skind Biomed Nanotechn@010,6:452—-468.

3. EU - European Commission Recommendation on the definition of nanomaterial.
http://osha.europa.eu/en/news/eu-european-commission-recommendation-dimttierde
of-nanomaterial.

4. Riu J, Maroto A, Rius FXNanosensors in environmental analysisTalanta 2006,
69(2):288-301.

5. Ruth Magaye JZ, Linda B, Min @3enotoxicity and carcinogenicity of cobalt-, nickel-
and copper-based nanoparticles (Reviewxp Ther Me®012,4:551-561.

6. American Conference of Governmental Industrial Hygienists (AGGIHreshold limit
values and biological exposure indices for 1992-19@3ncinnati: Ohio: American
Conference of Governmental industrial hygienists; 1992.

7. Participants IRSIWThe relevance of the rat lung response to particle overload for
human risk assessment: a workshop consensus repdrthal Toxicol2000,12:1-17.

8. Zhao J, Bowman L, Zhang X, Vallyathan V, Young SH, Castranova V, Bingtanium
dioxide (TiO2) nanoparticles induce JB6 cell apoptosis throughactivation of the
caspase-8/Bid and mitochondrial pathwaysJ Toxicol Environ Health 2009,721141—
1149.



9. Lee KP, Trochimowicz HJ, Reinhardt CPulmonary response of rats exposed to
titanium dioxide (TiO2) by inhalation for two years. Toxicol Appl Pharmacoll985,
79:179-192.

10. IARC: Cobalt in Hard Metals and Cobalt Sulfate, Gallium Arsenide, hdium
Phosphide and Vanadium Pentoxidel ARC Sci PubR006,86.

11. Maynard AD, Kuempel EDAIirborne nanostructured particles and occupational
health. J Nanopart Re2005,6:587—-614.

12. Tsuji JS, Maynard AD, Howard PC, James JT, Lam CW, WarliitSantamaria AB:
Research strategies for safety evaluation of nanomaterials, part Ifisk assessment of
nanoparticles. Toxicol Sci2006,89:42-50.

13. Fabian E, Landsiedel R, Ma-Hock L, Wiench K, Wohlleben W, van Raaayz\B:
Tissue distribution and toxicity of intravenously administered titanium dioxide
nanoparticles in rats.Arch Toxicol2008,82:151-157.

14. Oberdorster GPulmonary effects of inhaled ultrafine particles. Int Arch Occup
Environ Health2001,74:1-8.

15. Oberdorster G, Ferin J, Lehnert BEarrelation between particle size, in vivo particle
persistence, and lung injury.Environ Health Perspec994,102Suppl 5):173-179.

16. Sager TM, Kommineni C, Castranova Wulmonary response to intratracheal
instillation of ultrafine versus fine titanium dioxide: role of particle surface area.Part
Fibre Toxicol2008,5:17.

17. Long TC, Tajuba J, Sama P, Saleh N, Swartz C, Parker &r3edtowry GV, Veronesi
B: Nanosize titanium dioxide stimulates reactive oxygen species lmain microglia and
damages neurons in vitroEnviron Health Perspe@007,1151631-1637.

18. Warheit DB, Webb TR, Reed KL, Frerichs S, Sayes EMmonary toxicity study in
rats with three forms of ultrafine-TiO2 particles: differential responses related to
surface properties.Toxicology2007,230:90-104.

19. Sayes CM, Wahi R, Kurian PA, Liu Y, West JL, Ausman KD, Warbgit Colvin VL.
Correlating nanoscale titania structure with toxicity: a cytotoxicity and inflammatory
response study with human dermal fibroblasts and human lun@pithelial cells. Toxicol
Sci2006,92:174-185.

20. Xue C, Wu J, Lan F, Liu W, Yang X, Zeng F, XuN&no titanium dioxide induces the
generation of ROS and potential damage in HaCaT cells under UVAradiation. J
Nanosci Nanotechn@010,10:8500-8507.

21. Petkovic J, Zegura B, Stevanovic M, Drnovsek N, Uskokovic D, Novak $icHM:
DNA damage and alterations in expression of DNA damage responsive geneatuiced by
TiO2 nanoparticles in human hepatoma HepG2 cell$\anotoxicology2011,5:341—-353.



22. Wang C, Li Yinteraction and nanotoxic effect of TiO(2) nanoparticle on fibrnogen
by multi-spectroscopic method.Sci Total Enviror2012,429.156-160.

23. Andersson POLC, Ekstrand-Hammarstrom B, Akfur C, Ahlinder L, Bacl@sterlund
L: Polymorph- and Size-Dependent Uptake and Toxicity of TiO2 &hoparticles in
Living Lung Epithelial Cells. Small2011,7:514-523.

24. Tedja R, Lim M, Amal R, Marquis Effects of serum adsorption on cellular uptake
profile and consequent impact of titanium dioxide nanoparticls on human lung cell
lines. ACS Nan®012,6:4083—-4093.

25. Saber AT, Jensen KA, Jacobsen NR, Birkedal R, Mikkelsen L, M®]leoft S, Wallin
H, Vogel U:Inflammatory and genotoxic effects of nanoparticles designed fonclusion
in paints and lacquers.Nanotoxicology2012,6:453—-471.

26. Ortlieb M:White Giant or White Dwarf?: Particle Size Distribution Measurements
of TiO2. GIT Lab J Eur2010,14:42-43.

27. Baan R, Straif K, Grosse Y, Secretan B, El Ghissassi Fia@ogV: Carcinogenicity of
carbon black, titanium dioxide, and talc.Lancet OncoR006,7:295-296.

28. Shukla RK, Sharma V, Pandey AK, Singh S, Sultana S, Dhaw&®O&-mediated
genotoxicity induced by titanium dioxide nanoparticles in humanepidermal cells.
Toxicol In Vitro2011,25:231-241.

29. Kaida T, Kobayashi K, Adachi M, Suzuki Gptical characteristics of titanium oxide
interference film and the film laminated with oxides and their applications for
cosmetics.J Cosmet S2004,55:219-220.

30. Wang JJ, Sanderson BJ, Wandito- and genotoxicity of ultrafine TiO2 patrticles in
cultured human lymphoblastoid cells.Mutat Re2007,62899-106.

31. Wolf R, Matz H, Orion E, Lipozencic Bunscreens—the ultimate cosmeticActa
Dermatovenerol Croa2003,11:158-162.

32. Trouiller B, Reliene R, Westbrook A, Solaimani P, Schiestl Ritanium dioxide
nanoparticles induce DNA damage and genetic instability in vb in mice. Cancer Res
2009,69:8784-8789.

33. Jacobs JJ, Skipor AK, Black J, Urban R, GalanteRElrase and excretion of metal in
patients who have a total hip-replacement component made tifanium-base alloy. J
Bone Joint Surg Arh991,73:1475-1486.

34. Sul YT:Electrochemical growth behavior, surface properties, and enharmd in vivo
bone response of TiO2 nanotubes on microstructured surfaces blasted, screw-shaped
titanium implants. Int J Nanomedicin2010,5:87-100.

35. Patri A, Umbreit T, Zheng J, Nagashima K, Goering P, Fra@ekell S, Gordon E,
Weaver J, Miller T, Sadrieh Nt al Energy dispersive X-ray analysis of titanium dioxide



nanoparticle distribution after intravenous and subcutaneousnjection in mice. J Appl
Toxicol2009,29:662—-672.

36. Ni M, Leung MKH, Leung DYC, Sumathy K& review and recent developments in
photocatalytic water-splitting using TiO2 for hydrogen production. Renewable and
Sustainable Energy Review807,11:401-425.

37. Yuan Y, Ding J, Xu J, Deng J, GuoTJO2 nanoparticles co-doped with silver and
nitrogen for antibacterial application. J Nanosci Nanotechn@010,10:4868—-4874.

38. Montazer M, Seifollahzadeh SEnhanced self-cleaning, antibacterial and UV
protection properties of nano TiO2 treated textile through engmatic pretreatment.
Photochem Photobid011,87:877—-883.

39. Szacilowski K, Macyk W, Drzewiecka-Matuszek A, Brindell M,o@®kl G:
Bioinorganic photochemistry: frontiers and mechanisms.Chem Rew2005, 1052647—
2694.

40. Wiesenthal A, Hunter L, Wang S, Wickliffe J, Wilkerson INanoparticles: small and
mighty. Int J Dermatol2011,50:247-254.

41. Montazer M, Behzadnia A, Pakdel E, Rahimi MK, Moghadam MBoto induced
silver on nano titanium dioxide as an enhanced antimicrobial agenfor wool. J
Photochem Photobiol B011,103207-214.

42. Schkroeder HA, Balassa JJ, Tipton W&khnormal trace metals in man: titanium. J
Chronic Dis1963,16:55-69.

43. Dankovic D, Kuempel E, Wheeler Mn approach to risk assessment for TiO2lnhal
Toxicol2007,19(Suppl 1):205-212.

44. Weir A, Westerhoff P, Fabricius L, Hristovski K, von Goetz Ti{tanium dioxide
nanoparticles in food and personal care productsEnviron Sci TechnoR012,46:2242—
2250.

45. Zhao J, Castranova VYoxicology of nanomaterials used in nanomedicinel Toxicol
Environ Health B Crit Re2011,14:593-632.

46. Saber AT, Jacobsen NR, Mortensen A, Szarek J, Jackson P, MadsdenSkeh KA,
Koponen IK, Brunborg G, Gutzkow KBgt at Nanotitanium dioxide toxicity in mouse
lung is reduced in sanding dust from paintPart Fibre Toxicol2012,9:4.

47. FDA: Listing of color additives exempt from certification. In Code of Federal
Regulations Title 21-Food and Drugs. 21 CFR 73.28Fashington, DC: US Government
Printing Office; 2002.

48. ACGIH: Titanium dioxide. In Documentation of the threshold limit values for chemical
substances7th edition. Cincinnati, OH: American Conference of Governmental Indust
Hygienists; 2001.



49. Kitchin KT, Prasad RY, Wallace KOxidative stress studies of six TiO(2) and two
CeO(2) nanomaterials: Immuno-spin trapping results with DM\. Nanotoxicology2010,
5:546-556.

50. NIOSH:Occupational Exposure to Titanium Dioxide In Current Intelligence Bulletin
63. Cincinnati: National Institute for Occupational Safety and Health; 2011.

51. Morimoto Y, Kobayashi N, Shinohara N, Myojo T, Tanaka |, Nakanistiakard
Assessments of Manufactured Nanomaterialgd. Occup Healtl2010,52:325-324.

52. Curwin B, Bertke SExposure characterization of metal oxide nanoparticles in the
workplace. J Occup Environ Hy@011,8:580-587.

53. Lee JH, Kwon M, Ji JH, Kang CS, Ahn KH, Han JH, YuB3posure assessment of
workplaces manufacturing nanosized TiO2 and silverinhal Toxicol2011,23:226—-236.

54. Methner MM:Effectiveness of a custom-fitted flange and local exhaust vdation
(LEV) system in controlling the release of nanoscale metal oxadparticulates during
reactor cleanout operationsint J Occup Environ HealtR010,16:475-487.

55. Hagens WI, Oomen AG, de Jong WH, Cassee FR, Sip&/Adt do we (need to) know
about the kinetic properties of nanoparticles in the bodyRegul Toxicol Pharmacd007,
49:217-229.

56. Lomer MC, Thompson RP, Powell JBine and ultrafine particles of the diet:
influence on the mucosal immune response and association wiCrohn's diseaseProc
Nutr So0c2002,61:123-130.

57. Hillyer JF, Albrecht RM:Gastrointestinal persorption and tissue distribution of
differently sized colloidal gold nanoparticlesJ Pharm Sck001,90:1927-1936.

58. Jania P, McCarthya D, Florence Allitanium dioxide (rutile) particle uptake from
the rat Gl tract and translocation to systemic organs after oraladministration. Int J
Pharm1994,105157-168.

59. Wang J, Zhou G, Chen C, Yu H, Wang T, Ma Y, Jia G, Gao Y, ISuB Jet at Acute
toxicity and biodistribution of different sized titanium dioxide particles in mice after
oral administration. Toxicol Lett2007,168176—185.

60. Senzui M, Tamura T, Miura K, lkarashi Y, Watanabe Y, FujiQtudy on penetration
of titanium dioxide (TiO(2)) nanoparticles into intact and damagé skin in vitro. J
Toxicol Sci2010,35:107-113.

61. Schulz J, Hohenberg H, Pflucker F, Gartner E, Will T, PfeiffaN&pf R, Wendel V,
Gers-Barlag H, Wittern KPDistribution of sunscreens on skinAdv Drug Deliv Rex2002,
54(Suppl 1):S157-163.

62. Pflucker F, Wendel V, Hohenberg H, Gartner E, Will T, PfeeWepf R, Gers-Barlag
H: The human stratum corneum layer: an effective barrier againstdermal uptake of



different forms of topically applied micronised titanium dioxide. Skin Pharmacol Appl
Skin PhysioR001,14(Suppl 1):92-97.

63. Gamer AO, Leibold E, van RavenzwaayTBe in vitro absorption of microfine zinc
oxide and titanium dioxide through porcine skin.Toxicol In Vitro2006,20:301-307.

64. Sadrieh N, Wokovich AM, Gopee NV, Zheng J, Haines D, Parmit&iianen PH,
Cozart CR, Patri AK, McNeil SEet al Lack of significant dermal penetration of titanium
dioxide from sunscreen formulations containing nano- and subioron-size TiO2
particles. Toxicol Sci2010,115156-166.

65. Newman MD, Stotland M, Ellis JIfhe safety of nanosized particles in titanium
dioxide- and zinc oxide-based sunscreens Am Acad Dermatd®009,61:685—692.

66. Lademann J, Weigmann H, Rickmeyer C, Barthelmes H, Schaeldudller G, Sterry
W: Penetration of titanium dioxide microparticles in a sunscren formulation into the
horny layer and the follicular orifice. Skin Pharmacol Appl Skin Physit®99,12:247-256.

67. Escobar-Chavez JJ, Merino-Sanjuan V, Lopez-Cervantes M, UrbaaAViorlPinon-
Segundo E, Quintanar-Guerrero D, Ganem-Quintandih&:tape-stripping technique as a
method for drug quantification in skin. J Pharm Pharm S@008,11:104-130.

68. Tan MH, Commens CA, Burnett L, Snitch FAJ.pilot study on the percutaneous
absorption of microfine titanium dioxide from sunscreens.Australas J Dermatoll996,
37:185-187.

69. Bennat C, Muller-Goymann C@kin penetration and stabilization of formulations
containing microfine titanium dioxide as physical UV filter. Int J Cosmet ScR000,
22:271-283.

70. Sagawa Y, Futakuchi M, Xu J, Fukamachi K, Sakai Y, Ikarashi 3hilura T, Suzui
M, Tsuda H, Morita A:Lack of promoting effect of titanium dioxide particles on
chemically-induced skin carcinogenesis in rats and micé.Toxicol Sc2012,37:317-327.

71. Xu J, Sagawa Y, Futakuchi M, Fukamachi K, Alexander DB, Furulkgwkarashi Y,
Uchino T, Nishimura T, Morita Aet at Lack of promoting effect of titanium dioxide
particles on ultraviolet B-initiated skin carcinogenesis inrats. Food Chem Toxico2011,
49:1298-1302.

72. Monteiro-Riviere NA, Wiench K, Landsiedel R, Schulte S, Inman A@ef JE:Safety
evaluation of sunscreen formulations containing titanium dioxideand zinc oxide
nanoparticles in UVB sunburned skin: an in vitro and in vivo study. Toxicol Sci2011,
123264-280.

73. Miguel-Jeanjean C, Crepel F, Raufast V, Payre B, Datas sp8d®uya S, Duplan H:
Penetration Study of Formulated Nanosized Titanium Dioxide inModels of Damaged
and Sun-Irradiated Skins. Photochem Photobic&012,88:1513-1521.



74. Filipe P, Silva JN, Silva R, Cirne de Castro JL, Marques GMnddves LC, Santus R,
Pinheiro T:Stratum corneum is an effective barrier to TiO2 and ZnO namparticle
percutaneous absorption Skin Pharmacol Physid@009,22:266—-275.

75. Simko M, Mattsson MCRisks from accidental exposures to engineered nanoparticles
and neurological health effects: a critical reviewPart Fibre Toxicol2010,7:42.

76. Kuempel ED, Tran CL, Castranova V, Bailer Rdng dosimetry and risk assessment
of nanoparticles: evaluating and extending current models inats and humans.Inhal
Toxicol2006,18:717-724.

77. Muhlfeld C, Geiser M, Kapp N, Gehr P, Rothen-RutishauseR&evaluation of
pulmonary titanium dioxide nanoparticle distribution using the "relative deposition
index": Evidence for clearance through microvasculaturePart Fibre Toxicol2007,4:7.

78. Driscoll KE, Costa DL, Hatch G, Henderson R, Oberdorster G, S4/&uhlesinger RB:
Intratracheal instillation as an exposure technique for theevaluation of respiratory
tract toxicity: uses and limitations. Toxicol Sci2000,55:24—35.

79. LiY, LiJ, YinJ, LiW, Kang C, Huang Q, Li @ystematic influence induced by 3 nm
titanium dioxide following intratracheal instillation of mic e.J Nanosci Nanotechn@O010,
10:8544-8549.

80. Wang J, Liu Y, Jiao F, Lao F, Li W, Gu Y, Li Y, Ge C, Zhou G, LieBal Time-
dependent translocation and potential impairment on centralnervous system by
intranasally instilled TiO(2) nanopatrticles. Toxicology2008,254:82—-90.

81. Wang J, Chen C, Liu Y, JiaF, LiW, Lao F, Lia Y, Lia B, G&Zlpu G,et al Potential
neurological lesion after nasal instillation of TiIQ nanopatrticles in the anatase and rutile
crystal phasesToxicol Lett2008,18372-80.

82. Deng ZJ, Mortimer G, Schiller T, Musumeci A, Martin D, Minclif: Differential
plasma protein binding to metal oxide nanoparticlesNanotechnology009,20:455101.

83. Cedervall T, Lynch I, Lindman S, Berggard T, Thulin E, Nilsson H, Daw&A, Linse
S: Understanding the nanoparticle-protein corona using methods tguantify exchange
rates and affinities of proteins for nanoparticles.Proc Natl Acad Sci U S AR007,
1042050-2055.

84. Mikkelsen L, Sheykhzade M, Jensen KA, Saber AT, Jacobsen NR, Vpyéallih H,
Loft S, Moller P: Modest effect on plague progression and vasodilatory function in
atherosclerosis-prone mice exposed to nanosized TiO(Part Fibre Toxicol2011,8:32.

85. Rothen-Rutishauser BM, Schurch S, Haenni B, Kapp N, Gehnté?action of fine
particles and nanoparticles with red blood cells visualizeavith advanced microscopic
techniques.Environ Sci Technd@006,40:4353-4359.

86. Geiser M:Update on macrophage clearance of inhaled micro- and nanopartide]
Aerosol Med Pulm Drug Deli2010,23:207-217.



87. Wick P, Malek A, Manser P, Meili D, Maeder-Althaus X, DiebgDiener PA, Zisch A,
Krug HF, von Mandach UBarrier capacity of human placenta for nanosized materials.
Environ Health Perspe@010,118432-436.

88. Shimizu M, Tainaka H, Oba T, Mizuo K, Umezawa M, Takedil&ternal exposure to
nanoparticulate titanium dioxide during the prenatal period alters gene expression
related to brain development in the mousePRart Fibre Toxicol2009,6:20.

89. Takeda K, Suzuki K, Ishihara A, Kubo-Irie M, Fujimoto R, Tabata Mii®S, Nihei Y,
Ihara T, Sugamata MNanoparticles Transferred from Pregnant Mice to Their Offsging
Can Damage the Genital and Cranial Nerve Systemg.Heal Sci2009,55:95-102.

90. Hougaard KS, Jackson P, Jensen KA, Sloth JJ, Loschner K, LarsenrkttlaBRK,
Vibenholt A, Boisen AM, Wallin H, Vogel UEffects of prenatal exposure to surface-
coated nanosized titanium dioxide (UV-Titan).A study in mice. Part Fibre Toxic@010,
7:16.

91. Geiser M, Kreyling WGDeposition and biokinetics of inhaled nanoparticlesPart
Fibre Toxicol2010,7:2.

92. Eydner M, Schaudien D, Creutzenberg O, Ernst H, Hansen T, Baneng&,
Rittinghausen Simpacts after inhalation of nano- and fine-sized titanium doxide
particles: morphological changes, translocation within the rat lng, and evaluation of
particle deposition using the relative deposition indexnhal Toxicol2012,24:557-569.

93. Scherbart AM, Langer J, Bushmelev A, van Berlo D, Haberzetth® Schooten FJ,
Schmidt AM, Rose CR, Schins RP, Albrecht Contrasting macrophage activation by
fine and ultrafine titanium dioxide particles is associatedwith different uptake
mechanismsPart Fibre Toxicol2011,8:31.

94. Ferin J, Oberdorster G, Penney PBImonary retention of ultrafine and fine particles
in rats. Am J Respir Cell Mol Bial992,6:535-542.

95. Churg A, Stevens B, Wright JComparison of the uptake of fine and ultrafine TiO2
in a tracheal explant systemAm J Physioll998,274:1.81-86.

96. Chen J, Dong X, Zhao J, Tang @ vivo acute toxicity of titanium dioxide
nanoparticles to mice after intraperitioneal injection.J Appl Toxico2009,29:330-337.

97. Liu H, Ma L, Zhao J, Liu J, Yan J, Ruan J, HongBkachemical toxicity of nano-
anatase TiO2 particles in miceBiol Trace Elem Re2009,129170-180.

98. Ma L, Liu J, Li N, Wang J, Duan Y, Yan J, Liu H, Wang H, Hon@kidative stress in
the brain of mice caused by translocated nanoparticulate TiO2delivered to the
abdominal cavity. Biomaterials2010,31:99-105.

99. World Health Organization (WHOENnvironmental Health Criteria 24-Titanium . In
International Programme on Chemical Safédeneva: World Health Organization; 1982.



100. Huggins CB, Froehlich JRigh concentration of injected titanium dioxide in
abdominal lymph nodes.J Exp Medl966,124:1099-1106.

101. Geiser M, Casaulta M, Kupferschmid B, Schulz H, Semmler-Belinkéreyling W:
The role of macrophages in the clearance of inhaled ultrafingtanium dioxide particles.
Am J Respir Cell Mol Bia2008,38:371-376.

102. Tang M, Zhang T, Xue Y, Wang S, Huang M, Yang Y, Lu M, Lei H, Kgnguepu P:
Dose dependent in vivo metabolic characteristics of titaniundioxide nanoparticles.J
Nanosci Nanotechn@010,10:8575-8583.

103. Ma-Hock L, Burkhardt S, Strauss V, Gamer AO, Wiench K, van Raeayz\B,
Landsiedel RDevelopment of a short-term inhalation test in the rat usig nano-titanium
dioxide as a model substancénhal Toxicol2009,21:102—-118.

104. Grassian VH, O'Shaughnessy PT, Adamcakova-Dodd A, Pettibone JM, Rfarne
Inhalation exposure study of titanium dioxide nanoparticles witha primary particle size
of 2 to 5 nm.Environ Health Perspe@007,115397-402.

105. Nurkiewicz TR, Porter DW, Hubbs AF, Cumpston JL, Chen BT, FE2@eiCastranova
V: Nanoparticle inhalation augments particle-dependent systemicmicrovascular
dysfunction. Part Fibre Toxicol2008,5:1.

106. Nurkiewicz TR, Porter DW, Hubbs AF, Stone S, Moseley AM, Cumps&to@dodwill
AG, Frisbee SJ, Perrotta PL, Brock R&Y,al Pulmonary particulate matter and systemic
microvascular dysfunction.Res Rep Health Eff In011:3-48.

107. LeBlanc AJ, Cumpston JL, Chen BT, Frazer D, Castranova V, NuckieWR:
Nanoparticle inhalation impairs endothelium-dependent vasoddtion in subepicardial
arterioles. J Toxicol Environ Health 2009,72:1576-1584.

108. Sun Q, Hong X, Wold LECardiovascular effects of ambient particulate air
pollution exposure.Circulation 2010,121:2755-2765.

109. Liu R, Yin L, Pu Y, Liang G, Zhang J, Su Y, Xiao Z, Ye Bilmonary toxicity
induced by three forms of titanium dioxide nanoparticles \a intra-tracheal instillation
in rats. Prog Nat Sc2009,19:573-579.

110. Kobayashi N, Naya M, Endoh S, Maru J, Yamamoto K, Nakanigbodwparative

pulmonary toxicity study of nano-TiO(2) particles of different sizes and agglomerations
in rats: different short- and long-term post-instillation results. Toxicology 2009,

264110-118.

111. Liu R, Zhang X, Pu Y, Yin L, Li Y, Liang G, Li X, Zhang Small-sized titanium
dioxide nanoparticles mediate immune toxicity in rat pulmonaryalveolar macrophages
in vivo. J Nanosci Nanotechn@010,10:5161-5169.

112. Liu R, Yin LH, Pu YP, Li YH, Zhang XQ, Liang GY, Li XB, Zhg J, Li YF, Zhang
XY: The immune toxicity of titanium dioxide on primary pulmonary alveolar



macrophages relies on their surface area and crystal structer J Nanosci Nanotechnol
2010,10:8491-8499.

113. Hussain S, Vanoirbeek JA, Luyts K, De Vooght V, Verbeken E, Thomagsen
Martens JA, Dinsdale D, Boland S, Marano dt,at Lung exposure to nanoparticles
modulates an asthmatic response in a mouse modelr Respir 2011,37:299-309.

114. Warheit DB, Hoke RA, Finlay C, Donner EM, Reed KL, Sayes BDételopment of a
base set of toxicity tests using ultrafine TiO2 particles aa component of nanoparticle
risk management.Toxicol Lett2007,171:99-110.

115. Liu Q, Hong Z, Guo B, Zhang Y, Li Y, Liu Experimental Study on Toxicity of
Nanosized Titanium Dioxide.Mod Preventive Me@006,33:1211-1212.

116. Unnithan J, Rehman MU, Ahmad FJ, Samim WKqueous synthesis and
concentration-dependent dermal toxicity of TiO2 nanoparticles n Wistar rats. Biol
Trace Elem Re2011,1431682-1694.

117. Ma L, Zhao J, Wang J, Liu J, Duan Y, Liu H, Li N, Yan J, Ruan hgi¥8 Hong F:
The Acute Liver Injury in Mice Caused by Nano-Anatase TiO2.Nanoscale Res Lett
2009,4:1275-1285.

118. Chen EY, Garnica M, Wang YC, Mintz AJ, Chen CS, Chin W@rixture of anatase
and rutile TiO(2) nanoparticles induces histamine secretin in mast cells.Part Fibre
Toxicol2012,9:2.

119. Li SQ, Zhu RR, Zhu H, Xue M, Sun XY, Yao SD, Wang Nhnotoxicity of TiO(2)
nanoparticles to erythrocyte in vitro. Food Chem Toxicd2008,46:3626—3631.

120. Aisaka Y, Kawaguchi R, Watanabe S, lkeda M, IlgisuHdmolysis caused by
titanium dioxide particles. Inhal Toxicol2008,20:891-893.

121. Zhang J, Song W, Guo J, Sun Z, Li L, Ding F, Gad_Wtotoxicity of different sized
TiO2 nanoparticles in  mouse macrophages. Toxicol Ind Health 2012.
http://tih.sagepub.com/content/early/2012/04/16/0748233712442708.abstract.

122. Qi K, Deng FR, Guo XHEffects of nanoscale titanium dioxide on intercellular gap
junction communication in human lung fibroblasts]. Beijing Da Xue Xue Ba@009,
41:297-301.

123. Rossi EMPL, Koivisto AJ, Vippopa M, Jensen KA, Miettinen M, SiKgl&lykasenoja
H, Karisola P, Stjernvall T, Vanhala E, Kiilunen M, Pasanen P, Makid, Hameri K,
Joutsensaari J, Tuomi T, Jokiniemi J, Wolff H, Savolainen K, MatikaBeAlenius H:
Airway Exposure to Silica-Coated TiO2 Nanoparticles Induces Hmonary Neutrophilia
in Mice. Toxicol Sci2010,113422-433.

124. Zhang Y, Tao J, He P, Tang Y, WangBYo-effects of nano-TiO2 on lungs of mice.
Sheng Wu Yi Xue Gong Cheng Xue ZaZni0i9,26:803—-806.



125. Oberdorster G, Finkelstein JN, Johnston C, Gelein R, Cox C, BagddgeR AC:Acute
pulmonary effects of ultrafine particles in rats and mice.Res Rep Health Eff In&000,
955-74.

126. Hu JQ, Chen CY, Bai R, Zhen S, Du XM, Zang JJ, Li JC, Gu YQGJ|Effect of
nano-TiO(2) intratracheal instillation on lipid metabolism of AopE gene-knockout
mice]. Zhonghua Yu Fang Yi Xue Za 21110,44:780-784.

127. Larsen ST, Roursgaard M, Jensen KA, Nielsen Ko titanium dioxide particles
promote allergic sensitization and lung inflammation in mice Basic Clin Pharmacol
Toxicol2010,106114-117.

128. Bu Q, Yan G, Deng P, Peng F, Lin H, Xu Y, Cao Z, Zhou T, Xu&/ang Y,et al
NMR-based metabonomic study of the sub-acute toxicity of titanm dioxide
nanoparticles in rats after oral administration. Nanotechnolog2010,21:125105.

129. Bermudez E, Mangum JB, Wong BA, Asgharian B, Hext PM, WaliitEveritt JI:
Pulmonary responses of mice, rats, and hamsters to subchiionnhalation of ultrafine
titanium dioxide particles. Toxicol Sci2004,77:347-357.

130. Warheit DB, Webb TR, Sayes CM, Colvin VL, Reed KHulmonary instillation
studies with nanoscale TiO2 rods and dots in rats: toxicitysi not dependent upon
particle size and surface areaToxicol Sci2006,91:227-236.

131. Roursgaard M, Jensen KA, Poulsen SS, Jensen NE, Poulsen LK, Hamhietsen
GD, Larsen ST:Acute and subchronic airway inflammation after intratracheal
instillation of quartz and titanium dioxide agglomerates in mce. Sci World J2011,
11:801-825.

132. Wang JX, Li YF, Zhou GQ, Li B, Jiao F, Chen CY, Gao YX, Zhao Yhai(ZF:
[Influence of intranasal instilled titanium dioxide nanoparticles on monoaminergic
neurotransmitters of female mice at different exposure the]. Zhonghua Yu Fang Yi Xue
Za Zhi2007,41:91-95.

133. Wu J, Liu W, Xue C, Zhou S, Lan F, Bi L, Xu H, Yang X, Zeng Fbxicity and
penetration of TiO2 nanoparticles in hairless mice and porcie skin after subchronic
dermal exposure.Toxicol Lett2009,191:1-8.

134. Hu R, Gong X, Duan Y, Li N, Che Y, Cui Y, Zhou M, Liu C, Wang H, Hong F:
Neurotoxicological effects and the impairment of spatial recogniin memory in mice
caused by exposure to TiO2 nanoparticle®iomaterials2010,31:8043-8050.

135. Baskerville A, Fitzgeorge RB, Gilmour MI, Dowsett AB, WilliaiA, Featherstone AS:
Effects of inhaled titanium dioxide dust on the lung and orthe course of experimental
Legionnaires' diseaseBr J Exp Patholl988,69:781-792.

136. Warheit DB, Yuen IS, Kelly DP, Snajdr S, Hartsky MArbchronic inhalation of high
concentrations of low toxicity, low solubility particulates prodiwces sustained pulmonary
inflammation and cellular proliferation. Toxicol Lett1996,88:249—253.



137. Warheit DB, Hansen JF, Yuen IS, Kelly DP, Snajdr SI, Hartsky INtfalation of high
concentrations of low toxicity dusts in rats results in impired pulmonary clearance
mechanisms and persistent inflammationToxicol Appl Pharmacol997,14510-22.

138. Bermudez E, Mangum JB, Asgharian B, Wong BA, Reverdy EE, JanBzétekt PM,
Warheit DB, Everitt Jl:Long-term pulmonary responses of three laboratory rodent
species to subchronic inhalation of pigmentary titanium dioxi@ particles. Toxicol Sci
2002,70:86-97.

139. Sang X, Zheng L, Sun Q, Li N, Cui Y, Hu R, Gao G, Cheng Z, Chengi §,@ét at
The chronic spleen injury of mice following long-term exposug to titanium dioxide
nanoparticles.J Biomed Mater Res 2012,100:894-902.

140. Lu PJ, Ho IC, Lee TGnduction of sister chromatid exchanges and micronuclei yp
titanium dioxide in Chinese hamster ovary-K1 cellsMutat Res1998,414:15-20.

141. IARC:Titanium dioxide. In IARC monographs on the evaluation of carcinogenic risks
to humans, volume 4Eyon; 1989:307-328.

142. Yazdi AS, Guarda G, Riteau N, Drexler SK, Tardivel A, CouillinT$chopp J:
Nanoparticles activate the NLR pyrin domain containing 3 (NIrp3)inflammasome and
cause pulmonary inflammation through release of IL-lalpha and IL1beta. Proc Natl
Acad Sci U S £010,107:19449-19454.

143. Kan H, Wu Z, Young SH, Chen TH, Cumpston JL, Chen F, Kashon ML, CastNnova
Pulmonary exposure of rats to ultrafine titanium dioxide enhanes cardiac protein
phosphorylation and substance P synthesis in nodose ganglidanotoxicology2011,
6:736—745.

144. Driscoll KE, Deyo LC, Carter JM, Howard BW, Hassenbein DGir&ar TA: Effects
of particle exposure and particle-elicited inflammatory cels on mutation in rat alveolar
epithelial cells.Carcinogenesid997,18423-430.

145. Cui Y, Liu H, Zhou M, Duan Y, Li N, Gong X, Hu R, Hong M, HongStgnaling
pathway of inflammatory responses in the mouse liver causday TiO2 nanoparticles.J
Biomed Mater Res 2011,96:221—-229.

146. Gui S, Zhang Z, Zheng L, Cui Y, Liu X, Li N, Sang X, Sun @p&, Cheng Zet al
Molecular mechanism of kidney injury of mice caused by expase to titanium dioxide
nanoparticles.J Hazard Mater2011,195365-370.

147. Sun Q, Tan D, Ze Y, Sang X, Liu X, Gui S, Cheng Z, Cheng J, Hu RGGetoal
Pulmotoxicological effects caused by long-term titanium dioxideanoparticles exposure
in mice.J Hazard Mater2012,235-23647-53.

148. Li N, Duan Y, Hong M, Zheng L, Fei M, Zhao X, Wang J, Cui Y, LiuGdi J,et al
Spleen injury and apoptotic pathway in mice caused by titamim dioxide
nanoparticules. Toxicol Lett2010,195161-168.



149. Jackson P, Halappanavar S, Hougaard KS, Willams A, Madsen AM,ohad%
Andersen O, Yauk C, Wallin H, Vogel UMaternal inhalation of surface-coated
nanosized titanium dioxide (UV-Titan) in C57BL/6 mice: effets in prenatally exposed
offspring on hepatic DNA damage and gene expressiddanotoxicology2011,7:85-96.

150. Halappanavar S, Jackson P, Williams A, Jensen KA, Hougaard K&, WVogauk CL,
Wallin H: Pulmonary response to surface-coated nanotitanium dioxide particlesaiudes
induction of acute phase response genes, inflammatory cascades\d changes in
microRNAs: a toxicogenomic studyEnviron Mol Mutager2011,52:425-439.

151. Boisen AM, Shipley T, Jackson P, Hougaard KS, Wallin H, Yauk CL, Mdge
NanoTIO2 (UV-Titan) does not induce ESTR mutations in thegermline of prenatally
exposed female miceRart Fibre Toxicol2012,9:19.

152. Lindberg HK, Falck GC, Catalan J, Koivisto AJ, Suhonen S, JarveriaRaessi EM,
Nykasenoja H, Peltonen Y, Moreno €, at Genotoxicity of inhaled nanosized TiO(2) in
mice. Mutat Re2012,74558-64.

153. Gallagher J, Heinrich U, George M, Hendee L, Phillips DH, aswtFormation of
DNA adducts in rat lung following chronic inhalation of dies¢ emissions, carbon black
and titanium dioxide particles. Carcinogenesid994,15:1291-1299.

154. Zucker RM, Massaro EJ, Sanders KM, Degn LL, Boyes \W&tection of TiO2
nanoparticles in cells by flow cytometry Cytometry A2010,77.677—685.

155. Jugan ML, Barillet S, Simon-Deckers A, Herlin-Boime N, Sajwab, Douki T,
Carriere M:Titanium dioxide nanoparticles exhibit genotoxicity and impair DNA repair
activity in A549 cells.Nanotoxicology2012,6:501-513.

156. Saquib Q, Al-Khedhairy AA, Siddiqui MA, Abou-Tarboush FM, Azam A, Mwair
Titanium dioxide nanoparticles induced cytotoxicity, oxidative stess and DNA damage
in human amnion epithelial (WISH) cells.Toxicol In Vitro2012,26:351-361.

157. Bhattacharya K, Davoren M, Boertz J, Schins RP, Hoffmann E, Dopjgaiium
dioxide nanoparticles induce oxidative stress and DNA-addud¢brmation but not DNA-
breakage in human lung cellsPart Fibre Toxicol2009,6:17.

158. Bhattacharya K, Cramer H, Albrecht C, Schins R, Rahmann@m&imann U, Dopp E:
Vanadium pentoxide-coated ultrafine titanium dioxide particlesinduce cellular damage
and micronucleus formation in V79 cellsJ Toxicol Environ Health £008,71:976-980.

159. Morishige T, Yoshioka Y, Tanabe A, Yao X, Tsunoda S, Tsutsumi Y, Mka@kada
N, Nakagawa STitanium dioxide induces different levels of IL-lbeta production
dependent on its particle characteristics through caspask-activation mediated by
reactive oxygen species and cathepsin Biochem Biophys Res Comm210,392160—
165.

160. Vamanu CI, Cimpan MR, Hol PJ, Sornes S, Lie SA, GjerdetIhRiction of cell
death by TiO2 nanoparticles: studies on a human monoblastoid ¢dine. Toxicol In Vitro
2008,22:1689-1696.



161. Wilhelmi V, Fischer U, van Berlo D, Schulze-Osthoff K, Schins RiBrecht C:
Evaluation of apoptosis induced by nanoparticles and fine paitles in RAW 264.7
macrophages: facts and artefactsToxicol In Vitro2012,26:323—-334.

162. Kang SJ, Kim BM, Lee YJ, Hong SH, Chung HWtanium dioxide nanopatrticles
induce apoptosis through the JNK/p38-caspase-8-Bid pathway irhgtohemagglutinin-
stimulated human lymphocytes Biochem Biophys Res Comn2009,386.682—687.

163. Shi Y, Wang F, He J, Yadav S, Wang FHtanium dioxide nanoparticles cause
apoptosis in BEAS-2B cells through the caspase 8/t-Bid-indepdent mitochondrial
pathway. Toxicol Lett2010,196.21-27.

164. Kang SJ, Kim BM, Lee YJ, Chung HWitanium dioxide nanopatrticles trigger p53-
mediated damage response in peripheral blood lymphocytelsnviron Mol Mutager?008,
49:399-405.

165. Xue C, Liu W, Wu J, Yang X, Xu HChemoprotective effect of N-acetylcysteine
(NAC) on cellular oxidative damages and apoptosis induced by na titanium dioxide
under UVA irradiation. Toxicol In Vitro2011,25:110-116.

166. Ghosh M, Bandyopadhyay M, Mukherjee@enotoxicity of titanium dioxide (TiO2)
nanoparticles at two trophic levels: plant and human lymphocytesChemospher010,
81:1253-1262.

167. Falck GC, Lindberg HK, Suhonen S, Vippola M, Vanhala E, Catalaavd|athen K,
Norppa H:Genotoxic effects of nanosized and fine TIOHum Exp ToxicoR009,28:339—
352.

168. Mano SSKK, Sonezaki S, TaniguchiBfect of Polyethylene Glycol Modification of
TiO2 Nanoparticles on Cytotoxicity and Gene Expressions in Humagell Lines. Int J
Mol Sci2012,13:3703-3717.

169. Gerloff K, Fenoglio I, Carella E, Kolling J, Albrecht C, Boots AWdrster |, Schins RP:
Distinctive toxicity of TiO2 rutile/anatase mixed phase nanopaitles on Caco-2 cells.
Chem Res Toxic@012,25:646—655.

170. Gurr JR, Wang AS, Chen CH, Jan KMtrafine titanium dioxide particles in the
absence of photoactivation can induce oxidative damage to human brdmal epithelial
cells. Toxicology2005,21366—73.

171. Huang S, Chueh PJ, Lin YW, Shih TS, Chuang BMturbed mitotic progression
and genome segregation are involved in cell transformation meated by nano-TiO2
long-term exposure.Toxicol Appl Pharmaca2009,241:182-194.

172. Rahman Q, Lohani M, Dopp E, Pemsel H, Jonas L, Weiss DG, Schiffm&wdBnce
that ultrafine titanium dioxide induces micronuclei and apoptosis in Syrian hamster
embryo fibroblasts. Environ Health Perspe@002,110.797-800.

173. Guichard Y, Schmit J, Darne C, Gate L, Goutet M, Rousset IoiR&s Wrobel R,
Witschger O, Martin Agt al Cytotoxicity and genotoxicity of nanosized and microsized



titanium dioxide and iron oxide particles in Syrian hamster enbryo cells. Ann Occup
Hyg 2012,56:631-644.

174. Di Virgilio AL, Reigosa M, Arnal PM, Fernandez Lorenzo Delévigl: Comparative
study of the cytotoxic and genotoxic effects of titanium oxide andluminium oxide
nanoparticles in Chinese hamster ovary (CHO-K1) cells] Hazard Mater2010,177:711—
718.

175. Wang S, Hunter LA, Arslan Z, Wilkerson MG, Wickliffe J&hronic exposure to
nanosized, anatase titanium dioxide is not cyto- or genotoxic to Cleéee hamster ovary
cells.Environ Mol Mutager2011,52:614-622.

176. Setyawati MI, Khoo PK, Eng BH, Xiong S, Zhao X, Das GK, Tanloo JS, Leong
DT, Ng KW: Cytotoxic and genotoxic characterization of titanium dioxide, gadolinium
oxide, and poly(lactic-co-glycolic acid) nanoparticles in human liroblasts. J Biomed
Mater Res A2012,101:633-640.

177. Prasad RY, Chastain PD, Nikolaishvili-Feinberg N, Smeesteraufnkann WK, Fry
RC: Titanium dioxide nanoparticles activate the ATM-Chk2 DNA damageresponse in
human dermal fibroblasts. Nanotoxicology2012. doi:10.3109/17435390.2012.710659.

178. Li N, Ma L, Wang J, Zheng L, Liu J, Duan Y, Liu H, ZhaoWang S, Wang Het al
Interaction Between Nano-Anatase TiO(2) and Liver DNA from Mce In Vivo.
Nanoscale Res Le?009,5:108-115.

179. Wan R, Mo Y, Feng L, Chien S, Tollerud DJ, Zhan@®®A damage caused by metal
nanoparticles: involvement of oxidative stress and activation of ATMChem Res Toxicol
2012,25:1402-1411.

180. Aueviriyavit S, Phummiratch D, Kulthong K, Maniratanachotelfanium dioxide
nanoparticles-mediated in vitro cytotoxicity does not induce hsp70 and grp78 epgssion
in human bronchial epithelial a549 cellsBiol Trace Elem Re2012,149123-132.

181. Woodruff RS, Li Y, Yan J, Bishop M, Jones MY, Watanabe F, BirisFA& P, Zhou
T, Chen T:Genotoxicity evaluation of titanium dioxide nanoparticles using lhte Ames
test and Comet assayd Appl ToxicoR012,32:934-943.

182. Linnainmaa K, Kivipensas P, Vainio Hoxicity and cytogenetic studies of ultrafine
titanium dioxide in cultured rat liver epithelial cells. Toxicol In Vitro1997,11:329-335.

183. Fisichella M, Berenguer F, Steinmetz G, Auffan M, Rose 3 ,Pratestinal toxicity
evaluation of TiO2 degraded surface-treated nanoparticles: a conmed physico-
chemical and toxicogenomics approach in caco-2 celRart Fibre Toxicol2012,9:18.

184. Wilson D, Zagout M, Heo JH, Park EK, Oak CH, Uendl&lear factor-kappa B is
not involved in titanium dioxide-induced inflammation. J UOEH2012,34:183-191.

185. Yu M, Mo Y, Wan R, Chien S, Zhang X, Zhang Regulation of plasminogen
activator inhibitor-1 expression in endothelial cells with &posure to metal
nanoparticles. Toxicol Lett2010,195.82-89.



186. Wan R, Mo Y, Zhang X, Chien S, Tollerud DJ, Zhand/@trix metalloproteinase-2
and -9 are induced differently by metal nanopatrticles in humammonocytes: The role of
oxidative stress and protein tyrosine kinase activationToxicol Appl PharmacoR008,
233276-285.

187. Wang J, Zhu X, Zhang X, Zhao Z, Liu H, George R, Wilson-Rawls J, Chang Y, Chen Y:
Disruption of zebrafish (Danio rerio) reproduction upon chronic exposure to TiO
nanoparticles.Chemospher2011,83.461-467.

188. Zhu X, Zhu L, Duan Z, Qi R, Li Y, Lang YComparative toxicity of several metal
oxide nanoparticle aqueous suspensions to Zebrafish (Danio rejiearly developmental
stage.J Environ Sci Health, Part A: Tox Hazard Subst Environ E0@8,43.278-284.

189. Takeda K, Suzuki K, Ishihara A, Kubo-Irie M, Fujimoto R, Tabota M, Oshio S, Nihei Y,
Ihara T, Sugamata Mdanopatrticles Transferred from Pregnent Mice to Their Offgring
can Damage the Genital and Cranial Nerve System3.Health ScR009,55:95-102.

190. Yamashita K, Yoshioka Y, Higashisaka K, Mimura K, Morishitd\N¥zaki M, Yoshida
T, Ogura T, Nabeshi H, Nagano &t al Silica and titanium dioxide nanoparticles cause
pregnancy complications in miceNat Nanotechnc2011,6:321-328.

191. Komatsu T, Tabata M, Kubo-Irie M, Shimizu T, Suzuki K, Nihei Y, tak&: The
effects of nanoparticles on mouse testis Leydig cells intna. Toxicol In Vitro 2008,
22:1825-1831.

192. Borm PJ, Schins RP, Albrecht @thaled particles and lung cancer, part B:
paradigms and risk assessmentnt J Cancer2004,1103-14.

193. Trochimowicz HJ, Lee KP, Reinhardt GQEhronic inhalation exposure of rats to
titanium dioxide dust. J Appl Toxicol1988,8:383-385.

194. Heinrich UF R, Rittinghausen S, Creutzenberg O, Bellmann B, KocheVégen K:
Chronic inhalation exposure of Wistar rats and two different ¢rains of mice to diesel
engine exhaust, carbon black, and titanium dioxidenhal Toxicol1995,7:533-556.

195. Pott F, Roller MCarcinogenicity study with nineteen granular dusts in ratsEur J
Oncol 2005,10:249.

196. Rittinghausen S, Mohr U, Dungworth DRulmonary cystic keratinizing squamous
cell lesions of rats after inhalation/instillation of different particles. Exp Toxicol Pathol
1997,49:433-446.

197. Bernard BK, Osheroff MR, Hofmann A, Mennear Jidxicology and carcinogenesis
studies of dietary titanium dioxide-coated mica in male anddmale Fischer 344 ratsJ
Toxicol Environ Healtl990,29:417—-429.

198. Boffetta P, Gaborieau V, Nadon L, Parent MF, Weiderpass E, 8ieknid Exposure
to titanium dioxide and risk of lung cancer in a population-basd study from Montreal.
Scand J Work Environ Heal2001,27:227-232.



199. Fryzek JP, Chadda B, Marano D, White K, Schweitzer S, McLaugjk)iBlot WJ:A
cohort mortality study among titanium dioxide manufacturing workers in the United
States.J Occup Environ Me@003,45:400-409.

200. Boffetta P, Soutar A, Cherrie JW, Granath F, Andersen A, AmtiilBlettner M,
Gaborieau V, Klug SJ, Langard $t al Mortality among workers employed in the
titanium dioxide production industry in Europe. Cancer Causes Contr@004,15.697—
706.

201. Suttiponparnit KJJ, Sahu M, Suvachittanont S, Charinpanitkul T, Bisw@s|®:of
Surface Area, Primary Particle Size, and Crystal Phase on Titaom Dioxide
Nanoparticle Dispersion PropertiesNanoscale Res Le2011,6:27.

202. Baan RACarcinogenic hazards from inhaled carbon black, titanium dioxie, and
talc not containing asbestos or asbestiform fibers: recentveluations by an IARC
Monographs Working Group. Inhal Toxicol2007,19(Suppl 1):213-228.

203. Waris G, Ahsan HReactive oxygen species: role in the development of cancer and
various chronic conditions.J Carcinog2006,5:14.

204. Buechter DDEree radicals and oxygen toxicityPharm Red988,5:253—-260.

205. Susin SA, Daugas E, Ravagnan L, Samejima K, Zamzami N, ltddffl€ostantini P,
Ferri KF, Irinopoulou T, Prevost MGet al Two distinct pathways leading to nuclear
apoptosis.J Exp Med2000,192571-580.

206. Freyre-Fonseca V, Delgado-Buenrostro NL, Gutierrez-CirlgsdaRieron-Torres CM,
Cabellos-Avelar T, Sanchez-Perez Y, Pinzon E, Torres |, Moljoa-#, Zazueta Cet at
Titanium dioxide nanoparticles impair lung mitochondrial function. Toxicol Lett2011,
202111-1109.

207. Jaeger A, Weiss DG, Jonas L, KriehubelORidative stress-induced cytotoxic and
genotoxic effects of nano-sized titanium dioxide particles inhuman HaCaT
keratinocytes. Toxicology2012,29627-36.

208. Sanders K, Degn LL, Mundy WR, Zucker RM, Dreher K, Zhao B, Rol&t Boyes
WK: In vitro phototoxicity and hazard identification of nano-scale tianium dioxide.
Toxicol Appl Pharmacak012,258226—236.

209. Yin JJ, Liu J, Ehrenshaft M, Roberts JE, Fu PP, Mason RP, ZHlooRitoxicity of
nano titanium dioxides in HaCaT keratinocytes-Generation of readte oxygen species
and cell damageToxicol Appl Pharmaca2012,26381-88.

210. Yoo KC, Yoon CH, Kwon D, Hyun KH, Woo SJ, Kim RK, Lim EJ, Suh Y, Kiid,M
Yoon TH, Lee SJTitanium dioxide induces apoptotic cell death through reactie oxygen
species-mediated Fas upregulation and Bax activatioint J Nanomedicin012,7:1203—
1214,



211. Sun Q, Tan D, Zhou Q, Liu X, Cheng Z, Liu G, Zhu M, Sang X, Guh8ng Jet al
Oxidative damage of lung and its protective mechanism in miceaased by long-term
exposure to titanium dioxide nanoparticlesJ Biomed Mater Res 2012,100.2554—-2562.

212. Liu S, Xu L, Zhang T, Ren G, Yang @xidative stress and apoptosis induced by
nanosized titanium dioxide in PC12 cellsToxicology2010,267.172-177.

213. Meena R, Rani M, Pal R, RajamaniN&no-TiO2-induced apoptosis by oxidative
stress-mediated DNA damage and activation of p53 in human emjarnic kidney cells.
Appl Biochem Biotechn@012,167:791-808.

214. Wu J, Sun J, Xue Ynvolvement of JNK and P53 activation in G2/M cell cycle
arrest and apoptosis induced by titanium dioxide nanopatrticle in neuron cells.Toxicol
Lett2010,199.269-276.

215. Winter M, Beer HD, Hornung V, Kramer U, Schins RP, Forstéciivation of the
inflammasome by amorphous silica and TiO2 nanoparticles in orine dendritic cells.
Nanotoxicology2011,5:326—340.

216. Wang J, Li N, Zheng L, Wang S, Wang Y, Zhao X, Duan Y, Cui Y, ZhpCafJ,et
al: P38-Nrf-2 signaling pathway of oxidative stress in mice caused byamoparticulate
TiO2. Biol Trace Elem Re2011,140186-197.

217. Uchino T, Tokunaga H, Ando M, Utsumi IQuantitative determination of OH
radical generation and its cytotoxicity induced by TiO(2)-UVA treatment. Toxicol In
Vitro 2002,16:629—-635.

218. Onuma K, Sato Y, Ogawara S, Shirasawa N, Kobayashi M, Yoshitgkshlmura T,
ligo M, Fujii J, Okada FNano-scaled particles of titanium dioxide convert benign mows
fibrosarcoma cells into aggressive tumor cell$A\m J PathoR009,1752171-2183.

219. Toyooka T, Amano T, lbuki YTitanium dioxide particles phosphorylate histone
H2AX independent of ROS production.Mutat Res2012,74284-91.

220. Moon C, Park HJ, Choi YH, Park EM, Castranova V, Kang Biltmonary
inflammation after intraperitoneal administration of ultrafine titanium dioxide (TiO2)
at rest or in lungs primed with lipopolysaccharide.J Toxicol Environ Health A010,
73:396-4009.

221. Goncalves DM, Chiasson S, GirardAgtivation of human neutrophils by titanium
dioxide (TiO2) nanoparticles.Toxicol In Vitro2010,24:1002—-1008.



Nasopharyngeal region
(1 nm, 90%)

}

Tracheobronchial region

(1 nm, 10%)

Alveolar region

(20 nm, 50%)

Larger particles (0.5-10 pm) remain on
the epithelial surface of the airways and

alveoil
Figure 1

1oen K10reaidsoy



Exposure
modes

Up-take
pathways

Transport and
distribution sites

Excretory

Pahayfe 2

Inhalation,

o Intravenous, fFood , water,
instillation, Dermal . A
o intraperitoneal oralgavage
aspiration
s a A [
Respiratory Skin, hair Cireulatory Gltract
tract follicles system
) \

«—

k

|
Olfactory |
nerves |
\'

‘——-

Blood

U

Spleen,
lymph
nodes

Kidney Bone ]
marrow

T

Urine

/ Bile
2

Feces




	Start of article
	Figure 1
	Figure 2

