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Nano sized materials are increasingly used in the fields of industry, science, pharmacy, medicine, 
electronics, communication and consumer products. On the other hand there is a great concern that these 
products may have some detrimental effects on human health and environment. Nanotoxicology is a new 
and important research area in toxicology. This toxicological research area refers to the study of 
interactions between living organisms and nanomaterials. Studies about nanomaterials shows that some 
nanomaterials may have cytotoxic and genotoxic effects and may pose health risks. But there is limited 
knowledge about the toxicity of nanomaterials. The nanotoxicology researchers focused on the 
relationship between nanomaterial characteristics (size, shape, surface area etc.) and toxic responses 
(cytotoxicity, genotoxicity, inflammation etc.). This article aims to give a brief summary of what is 
known today about nanotoxicology. 
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Nanotoksikoloji - Toksikolojide Yeni Bir Ara^tırma Alanı 

Nano boyutlu materyallerin endüstri, bilim, eczacihk, Up, elektronik, ileti§im gibi alanlar ve tiiketici 
üriinlerinde kullanımı giderek artmaktadır. Bununla birlikte bu üriinlerin insan saghgina ve çevreye 
istenmeyen etkileri olabileceğine dair biiyiik kuşkular bulunmaktadır. Nanotoksikoloji, toksikoloji için 
yeni ve önemli bir araştırma alamdır. Bu toksikoloji alanı canlılar ile nanomateryaller arasındaki 
etkileşmeler hakkında çahsmalar yapmaktadır. Giintimüzde nanomateryallerin toksisitesi ile ilgili bilgiler 
kısıthdır. Nanomateryallerle yapılan çahsmalar nanomateryallerin sitotoksik, genotoksik ve saghga 
zararh etkilerinin olabileceğini göstermiştir. Nanotoksikoloji alamndaki araştincılar nanomateryal 
bzellikleri (boyut, şekil, yüzey alanı gibi) ile toksik yaniflar (sitotoksisite, genotoksisite, enflamasyon 
gibi) arasındaki ilişki tizerine yogunlaşmaktadır. Bu makale günümiizde nanotoksikoloji alamnda 
bilinenler hakkında bir özet sunmayi amaçlamaktadır. 
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INTRODUCTION 
Nano sized materials are increasingly used 

in the fields of industry, science, pharmacy, 
medicine, electronics, communication and 
consumer products. The “nano” is derived 
from the Greek word “nanos” meaning 
“dwarf” (1). A nanomaterial (NM) defined as 
a substance with at least one dimension <100 
nm in length. There are numerous nano-sized 
materials in our life. They can take different 
forms such as tubes, rods, wires or spheres. 
Depending on their origin, they can be 

categorized as either engineered or incidental 
NMs. Engineered nanoparticles (NPs) are 
particles generated to use the size-related 
properties inherent in the nanoscale (e.g. 
conductivity, spectral properties, 
biodistribution). Incidental NPs, are defined 
as particles either from unintended 
anthropogenic sources (e.g. combustion 
derived) or of natural origin (e.g., particles 
generated in forest fires). Engineered NMs 
including NPs and nanofibres are also 
categorized into four classes which include 
carbon based materials, metal-based materials 
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(quantum dots, nanosilver, nanogold…), 
dendrimers (nanosized polymers), and 
composites (2). 

Nanotoxicology is the study of the toxicity 
of NMs. It has emerged only recently, years 
after the beginning of nanotechnology that is 
considered one of the key technologies of the 
21st century, when numerous NMs had already 
been introduced into some industrial 
processes and consumer products. Donaldson 
et al. (3) quated “discipline of nanotoxicology 
would make an important contribution to the 
development of sustainable and safe 
nanotechnology”. Growing concerns about the 
nanotoxicology were derived from prior 
experiences with air pollution (4) and asbestos 
(5). Nowadays many NPs, for example carbon 
nanotubes which are much smaller than 
asbestos, might have asbestos-like effects on 
cells (6). 

Most of the NM producers demonstate their 
products as materials having perfect 
properties (7). Practical use of NMs for many 
purposes are ranging from applications in 
medicine to numerous industrial products 
from electronics to cosmetics. Properties such 
as small size, large surface area and surface 
activity, make NMs attractive in too many 
applications (8). NMs are being used in 
computer chip technology, automotive 
catalytic converters, cosmetics (lipsticks, 
sunscreens, anti-aging creams), dental 
prosthesis and orthopedic implant wear debris 
(2, 9). NMs for imaging and drug delivery 
systems are often intentionally coated with 
biomolecules such as DNA, proteins and 
monoclonal antibodies to target specific cells 
(10). In the future, it is suggested that they can 
be used in diagnostic aids, drug delivery 
systems and therapeutic treatments for cancer 
patients (11, 12). Currently there are over 800 
consumer products containing different NMs. 
It is estimated that the average person 
consumes 1012 NPs per day in a normal diet as 
a result of food additives. The sales of which 
were valued at $147 billion in 2007 and are 
expected to soar over the coming years with a 
predicted value of $3.1 trillion by 2015 (2). 

ROUTES of EXPOSURE 

It has been demonstrated that the NPs enter 
the body mainly via dermal, inhalation, and 

oral routes (13-15). For ultrafine particles, the 
main entry road is respiratory system (16). 
Intravenous and oral administrations have a 
more rapid systemic effect compared to other 
routes and once in systemic circulation, most 
substances are subject to first-pass 
metabolism within the liver where they may 
accumulate or distribute via vasculature to end 
organs including brain (17). Liver is the site 
for first-pass metabolism, and it is particularly 
vulnerable to NM toxicity. The hepatotoxic 
potential of silica NPs could cause 
mononuclear inflammatory cell infiltrates at 
the portal area with concomitant hepatocyte 
necrosis (17). 

Skin exposure to NMs can occur during the 
intentional application of topical creams and 
other drug treatments or accidental exposure 
(18, 19). There are controversial data about 
the dermal absorption of NMs although 
stratum corneum, the outer layer of epidermis, 
is a good barrier for chemical exposure. 
Oberdorster et al. (19) showed the penetration 
of a variety of NPs in the dermis and 
translocation to the systemic vasculate via 
lymphatic system and regional lymph. In 
some studies, the cytotoxicity of NMs applied 
to the skin was demonstrated. Cultured 
keratinocytes were exposed to extracts of 
several types of silver containing dressings. 
Of these, extracts of nanocrystalline silver 
coated dressings were most cytotoxic (20). 

Because of its large surface area, 
localization/accumulation of drugs within the 
pulmonary tissue, lung is an attractive target 
for drug delivery due to the non-invasive 
nature of inhalation therapy (21, 22). Inhaled 
NPs can be deposited in all regions of 
respiratory tract. Being different than micron 
sized particles that are largely trapped and 
cleared by upper airway mucociliary escalator 
system, particles less than 2.5 um can get 
down to the alveoli. The deposition of inhaled 
ultrafine particles (aerodynamic-diameter < 
100 nm) mainly takes place in the alveolar 
region (18). After absorption from the 
respiratory tract, NMs can enter blood and 
lymph to reach cells in the bone marrow, 
lymph nodes, spleen and heart (18, 23). In 
respiratory tract, alveolar macrophages engulf 
and process particles that are not cleared by 
mucociliary action and coughing. Upon 
phagocytosis macrophages are activated to 
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release substantial amounts of oxygen 
radicals, proteolytic enzymes, 
proinflammatory mediators, etc. these 
mediators may lead to both acute and chronic 
lung inflammation. Ultrafine NPs are 
suggested to have more toxic properties than 
larger particles with the same chemical 
identity due to their larger surface area. 
Ultrafine silver particles were taken up by 
alveolar macrophages and aggregated silver 
particles persisted there for up to 7 days. 
Aggregated silver NPs and some other NMs 
have been shown to be cytotoxic to alveolar 
macrophage cells as well as epithelial lung 
cells (24). Another report by Warheit et al. 
(25) investigated acute lung toxicity and 
observed that intratracheally instilled single-
wall carbon nanotubes produced granulomas 
in rats at very high doses. Citrate-capped gold 
NPs (13 nm in diameter) were found to be 
toxic to a human carcinoma lung cell line 
(26). 

NMs can reach the gastrointestinal tract after 
mucociliary clearance from the respiratory 
tract through the nasal region, or can be 
ingested directly in food, water, cosmetics, 
drugs, and drug delivery devices (18, 19). 
Numerous kinds of NMs can pass through the 
gastrointestinal tract and are rapidly 
eliminated in feces and urine. However some 
NMs can accumulate in the liver during first-
pass metabolism (19). Chung et al. (27) 
recently reported the occurrence of systemic 
argyria after ingestion of colloidal nanosilver 
proves its translocation from the intestinal 
tract. Nanocopper was reported to cause 
damage to liver, kidney and spleen. Injections 
and implants are other possible routes of 
exposure, primarily limited to engineered 
materials. Thus, nanoscale particles can end 
up in different parts of the body depending on 
size and other characteristics as well as routes 
of entry (1). 

EFFECTS of PHYSICOCHEMICAL 
PROPERTIES of NANOMATERIALS 
on TOXICITY 

Although NMs have the same material at the 
macro and nano scale, they might have some 
different toxicological effects because of their 
unique properties (7). The unusual 

physicochemical properties of NMs are 
attributable to their small size, surface area, 
shape, chemical composition (purity, 
crystallinity, electrophilic properties etc.), 
surface structure (morphology), solubility and 
aggregation. Physicochemical characteristics 
of the NMs are very important with respect to 
their biologic effects (1). 

NMs can cross biological barriers, gaining 
entry to the body because of their small size. 
Size governs their kinetics including 
absorption, distribution, metabolism and 
excretion. Once inside the body, the NPs are 
small enough, they may readily enter to the 
cells and may easily interact with 
biomolecules which have the potential to 
destabilise normal cellular functioning (2). 
When particle size decreases, the surface area 
will increase. The smaller the particle is, the 
larger the surface area it has. Larger surface 
area enhances the catalytic activity of material 
and thus has been reported to increase its 
reactivity because surface atoms have a 
tendency to have unsatisfied high energy 
bonds. On the other hand because of their 
small size, electrons are not free to move as in 
the bulk material. Because of this movement 
restriction, particles react differently with 
light. At the nanoscale, the majority of atoms 
are split between the inside and the surface of 
the object whereas at the macro scale, the 
atoms are inside the object. The melting point 
is also lower for smaller particles (2). 

The other important factor on toxicity of 
NMs is their shape and morphology. 
Numerous studies showed that shape of NM 
can highly influence their rate of uptake. 
Spherical NPs show higher uptake than 
nanoroods, while internalisation of these 
cylindrical shaped materials is strongly 
influenced by their dimensions (28, 29). 

An inherent property of many NMs is their 
hydrophobicity and thus a propensity to 
agglomerate particularly under physiological 
conditions. With regard to human exposure, it 
is therefore likely that under more 
circumstances NMs will be able in the form of 
aggregates rather than individual units (2). 

Surface charge will govern the formation of 
agglomerates according to the factors like pH 
or ionic strength of the aqueous environment 
they are in (30). This physicochemical 
property plays an important role in cellular 
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uptake of NMs. The plasma membrane is 
negatively charged, as is the intracellular 
environment, thus anionic NMs may be 
endocytosed at a lower rate than those are 
cationic (31). But this is not a rule and it does 
not affect the uptake of negatively charged 
NMs (32). However, positively charged NMs 
appear to be associated with greater cytotoxic 
responses when compared to negatively 
charged NMs. But it is unclear as to whether 
the cell death is the result of surface charge or 
if it is because of the increased uptake 
associated with positively charged NMs (33). 
Additionaly, DNA is negatively charged, so 
positively charged NMs may be easily react 
with DNA molecule (2). 

All these unique properties make NPs very 
interesting for a number of industrial and 
medical applications. But these properties 
raise also important safety concerns. 

TOXICITY of NANOMATERIALS 

Since NPs can differ from the bulk materials 
because of their unique properties such as 
size, surface area, physico-chemical structure, 
shape and charge, their toxicity can be quiet 
different. On the other hand, there has been 
limited data about the toxicity of man-made 
NPs. There is serious lack of information 
about the toxicity of NPs. Toxicity of NPs 
may closely be related to their size as shown 
by studies of ultrafine particles in the 
respiratory tract (34). The small size of NPs is 
one of the key factors which may make them 
harmful to human health (35). 

NPs are able to pass biological barriers and 
to penetrate into the cell. They can even 
penetrate into the nucleus and cause harmful 
interactions with biological systems (19). 
Protein misfolding and protein fibrillation 
induced by NPs were reported to cause some 
problems in the brain (36). In some cases 
NMs are even shown to transfer across the 
placental barrier (37). Gold NPs were shown 
to cross the materno-foetal barrier (38) and 
fullerenes were found to have a fatal effect on 
mouse embryos (39). However 10-30 nm 
sized polyethylene glycol coated (PEGylated) 
gold NPs cannot cross the perfused human 
plasenta and were not detected in foetal 
circulation (38). 

The proposed toxicological mechanisms of 
NMs include oxidative stress, cytotoxicity, 
genotoxicity and inflammatory responses 
(40). 

Oxidative stress and reactive oxygen species 
NMs can induce oxidative stress, which 

refers to a redox imbalance within cells 
usually as a result of increased intracellular 
reactive oxygen species (ROS) and decreased 
antioxidants (2). In general, small and 
transient increases in ROS can be tolerated by 
most cell types, whereas higher levels which 
persist over a longer time period, are more 
likely to result in cell damage (37). ROS are 
highly reactive molecules that can interact 
with cellular macromolecules such as DNA, 
proteins and lipids (2). 

Composition of NMs and their high surface 
area are associated with the generation of 
ROS by NMs. Consequently, the smaller NP, 
the higher oxidative stress they induce (41, 
42). NMs have been described to possibly 
generate ROS by different mechanisms: direct 
generation of ROS as a result of exposure to 
an acidic environment such as the lysosomes 
(43), interaction of the NMs with cellular 
organelles such as mitochondria (44), 
interaction of NMs with redox active proteins 
such as nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase and interaction 
of NMs with cell surface receptors and 
activation of intracellular signaling pathways 
(37). Oxidative stress induced by NPs is 
reported to enhance inflammation though 
upregulation of redox-sensitive transcription 
factors (45). 

There are too many studies demonstrating 
the induction of ROS by NMs. Park et al. (46) 
showed that perinuclear distrubition of 
titanium dioxide (TiO2) NPs correlated with 
the induction of ROS in the same region. For 
quantum dots (QDs), the induction of ROS 
has also been reported (47). Interactions of 
silver NPs (AgNPs) with human fibro 
sarcoma (HT-1080) and human 
skin/carcinoma (A431) cells have showed 
some signs of oxidative stress such as 
decreased reduced glutathione (GSH) and 
superoxide dismutase (SOD) levels (48). 
When human lung fibroblast cells interacted 
with gold NPs (AuNPs), cells reported to 
generate significantly more lipid 
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hydroperoxides (49). It was also shown that 
the amount of alkylated proteins by 
malondialdehyde (MDA), a product of 
cellular lipid peroxidation was significantly 
more in the AuNPs treated samples (43). 

Cytotoxicity 
The membrane stability can be affected by 

NPs either directly like physical damage or 
indirectly like oxidation which can cause cell 
death. Interactions of NPs with membranes 
are associated with surface properties of NPs 
(50). The higher surface area over volume 
ratio of NMs augments the surface available 
for interaction with cellular components (51). 
NP induced cytotoxicity has been reported by 
several groups. But the data about the 
cytotoxicity of NPs are conflicting. There is a 
lack of consensus in the published data on NP 
cytotoxicity due to variable methods, 
materials and cell lines. 

The identification of cytotoxicity of NPs 
toward mammalian germ line stem cells has 
aroused great concern over the biosafety of 
NMs. The results showed that AgNPs were 
the most toxic with manifestations like drastic 
reduction of mitochondrial function, increased 
membrane leakage, necrosis and induction of 
apoptosis (52). Also cytotoxic activity of 
AgNPs were evaluated by MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay and 
results showed a dose dependent decrease in 
cell viability compared to control cells (53). 

Due to their small size, AuNPs have been 
found to easily enter cells (10). Tkachenko et 
al., looked at the nuclear targeting ability of 
AuNPs alone, and then at AuNPs with a full-
length peptide containing both the receptor-
mediated endocytosis and nuclear localization 
signal segments from an adenovirus in HepG2 
cells. The type of surface coating played an 
important role in the cytotoxicity of AuNPs. 
Viability of HepG2 cells after 12 h in the 
presence of NP-peptide complexes was only 
slightly compromised (<5%) as compared to 
that of a control batch. (54). 

Cai et al. (55) showed that TiO2 NPs have 
some cytotoxic effects on HeLa in the 
presence of ultraviolet (UV) light and they 
suggested that this was associated with the 
photo-excited TiO2 promoting oxidative 
stress. 7 nm sized cerium oxide NPs have 

caused cytotoxicity with absorption on cell 
membrane (56). Nano sized gold NPs were 
shown to have size dependent cytotoxicity 
(57). 

Several in vitro studies have demonstrated 
the cytotoxicity of single-walled carbon 
nanotubes (SWCNTs) and multi-walled 
carbon nanotubes (MWCNTs) in guinea pig 
alveolar macrophages (58). In a study 
exposing human embryo kidney cells to 
SWNTs for one to five days, Cui et al. found 
dose- and time-dependent decreases in cell-
adhesion ability, cell proliferation, and 
increases in induction of apoptosis (59). 
Monteiro-Riviere et al. (60) reported that 
keratinocytes incubated with higher 
concentrations of MWNTs for longer 
exposure times, the percentage of cells with 
MWNTs inside increased from 59% at 24 
hours to 84% after 48 hours. In addition, a 
dose- and time-dependent decrease in cell 
viability was observed. 

Genotoxicity 
Due to their small size and large surface 

area, NMs may have unpredictable genotoxic 
effects and the most important genotoxic 
effect is DNA damage induction which can 
cause mutagenesis, and carcinogenesis. NMs 
are small enough, so they may pass through 
cellular membranes and they may interact 
with DNA directly. When they promote 
oxidative stress and inflammatory responses, 
they may also interact with DNA indirectly 
(2). 

DNA damage induced by NPs, single-strand 
DNA breaks, double-strand breaks, DNA 
deletions and genomic instability in the form 
of increase in 8-hydroxy-2-deoxyguanosine 
(8-OHdG) levels are formed (61). Long term 
exposure of cells to NPs caused genome 
instability, altered cell cycle kinetics and 
induced protein expression of p53, which 
have a critical role in responding to various 
stresses that cause damages in DNA and in 
DNA repair related proteins (7, 62). 

Colognato et al. (63) showed that cobalt NPs 
were capable of inducing genotoxicity in 
human peripheral blood leukocytes. They 
demonstrated a dose dependent increase in the 
frequency of micronucleated lymphocytes. 
Silica NPs can induce ROS production, DNA 
strand breaks and oxidized bases (64). Zinc 
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oxide NPs (ZnO NPs) are widely used in 
cosmetics and sunscreens and in different cell 
lines, genotoxic effects of ZnO NPs were 
observed (65, 66). 

AuNPs, AgNPs and TiO2 NPs are important 
for ROS production and genotoxicity (7). But 
there are too many discordant studies about 
them. For example Li et al. (67) studied about 
the genoxicity of 5 nm AgNPs with Ames and 
micronucleus assay. In Ames test, AgNPs did 
not induce mutations in five different S. 
typhimurium strains. However, in 
micronucleus test, AgNPs displayed 
concentration-dependent genotoxicity in 
human lymphoblast TK6 cell line. 

AuNPs were reported to be capable of 
inducing DNA damage indirectly through an 
oxidative stress response (2). But results in 
two genotoxic tests, comet assay and 
micronucleus assay, showed that AuNPs in 
different size were not genotoxic and showed 
no systemic and local adverse effects (68). 

TiO2 NPs are also mutagenic, capable of 
inducing point mutations and DNA damage 
(69). TiO2 NPs caused increased micronuclei 
frequency in micronucleus assay. In comet 
assay, TiO2 NPs had a significant olive tail 
moment which indicated unrepaired DNA 
strand breaks (70). 

In vitro experiments have shown that C60 
fullerenes to be generally noncytotoxic with 
no mutagenic effects in Chinese Hamster 
Ovary and mice lung epithelial cells, 
respectively (71, 72). Another study has found 
that C60 treatment also increases 
formamidopyrimidine-DNA glycosylase 
sensitive sites (69). However in vivo studies in 
mice demonstrated that treatment with C60 
fullerenes has caused DNA damage in liver 
and lung and increase in the levels of DNA 
adducts like 8-OHdG. Also oral 
administration of SWCNTs in mice is found 
to be associated with increase in 8-OHdG 
levels in liver and lung (73). 

Cobalt and its alloy are commonly used in 
hip joint replacements and other orthopedic 
joint replacements. Genotoxic effects were 
observed in some studies with these NPs (74). 
Analysis of peripheral blood leukocytes of 
patients with cobalt alloy joint replacements 
showed positive DNA damage in comet assay 
(63). Cobalt and Cobalt-Chromium NPs 
induced a dose-dependent increase in 

micronucleus frequency as well as 
chromosomal loss, gains, deletions and 
polyploidy (75). 

Inflammatory responses 
Inflammation is an important physiological 

process in response to tissue injury and is 
mediated by inflammatory cells that secrete a 
large variety of soluble factors, including 
cytokines, migration inhibition factors, 
reactive nitrogen species and ROS. These 
factors are important defences against 
infection and tissue injury (76, 77). Oxidative 
stress induced by NPs is reported to enhance 
inflammation through upregulation of redox-
sensitive transcription factors such as nuclear 
factor kappa B (NFKB), activating protein 1 
(AP-1), extracellular signal regulated kinases 
(ERK) c-Jun, N-terminal kinases, JNK, and 
p38 mitogen-activated protein kinases 
pathways (34, 45, 78). The increase of TNF-a 
levels can cause damage of cell membrane 
and apoptosis (7). Additionally, chronic 
inflammation has been strongly associated 
with carcinogenesis (79). 

NPs are described to be more toxic than 
larger particles with the same chemical entidy, 
causing inflammation or allergic response. It 
was suggested that NPs, because of their small 
size, could act like haptens to modify protein 
structures (80). 

TiO2 NPs and ultrafine carbon black NPs 
have been associated with inflammatory 
potency in the lungs of the rats following 
intratracheal instillation (2, 81). Also some 
studies reported that exposure to TiO2 NPs 
resulted in pulmonary inflammation, 
pulmonary edema, macrophages accumulation 
and pneumonocyte apoptosis (7). Silica NPs 
induced inflammatory and oxidative stress 
responses both in vitro and in vivo (82, 83). In 
a study using rat alveolar macrophages 
(NR8333) exposed to AgNPs, demonstrated 
significant levels of TNF-a, IL-1(3 comparing 
to the control group (53). In another study, 
Park et al. (84) showed that the phagocytosis 
of AgNPs stimulated inflammatory signaling 
through the ROS generation in macrophages 
followed by the induced secretion of TNF-a. 
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CONCLUSION 

NMs, depending on the size, shape, 
elemental materials and the surface functional 
groups were observed to have a range of 
detrimental effects on cells. However the 
toxicological data about NPs has been 
collected mainly from occupational and 
environmental research with natural NMs. 
Nano sized particles are known to be 
generated in certain place conditions. There is 
a still serious lack of information about the 
toxicity of NPs. Exposure to NPs is inevitable 
since NPs become more widely used but there 
is still doubts and much more to be 
understood regarding their safety. Possible 
interactions between NPs and living 
organisms and the results of long-term NP 
exposure are not yet fully understood. 

When making a toxicological assessment 
with NMs, knowledge what material has been 
tested, uptake and distribution of NM in the 
body and the effects of NMs must be 
considered. A critical point to determine the 
toxicity of NM is to know the characterization 
of NP. Also determination of real exposure 
concentrations from in vivo and epidemiologic 
studies are necessary. So more research is 
required to understand the mechanisms and 
pathways in the body and the toxicity of NMs. 
As the development of nanotechnological 
applications continue to grow, the demand for 
safety and risk assessment studies will 
increase in the future. 
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