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ABSTRACT

Nanotechnology is a branch of science which deals with different technological systems, construction of
new materials and devices with a wide range of potential applications at the atomic and molecular level.
Fascinating physicochemical properties of nanoparticles offer great opportunities of its applications in chemical,
biological, and industrial world. But manufactured or engineered nanomaterials, nanoparticles and nanodevices by
different methods released into the environment intentionally and unintentionally without any safety test. Thus
toxicity of these nanoparticles has become the subject of concern because they can move freely as compared to
the large-sized particles; therefore, they can be more toxic than bulky materials. The consequently increasing
exposure of these NPs to human has raised concerns regarding health and safety. This review article delineates the
toxic effects of different types of nanoparticles on the human health specifically reproductive health through
different sources like water, air, contact with skin.
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INTRODUCTION

The term “nanoparticle” is a mixture of the words “nanos” [Greek: the dwarf] and
“particulum” [Latin: particle]. In the scientific context, “nano” primarily refers to a specific order
of magnitude, namely 10”. 1SO describes the term nanoparticle as a material with one, two or
three external dimensions in the nanoscale, with nanoscale being the size range from
approximately 1 nm to 100 nm. Nanoparticles [NPs] are not solely a product of modern
technology, but are also created by natural processes such as volcanic ash, ocean spray and
mineral composites or forest fires. Naturally occurring nanoparticles also include ultrafine sand
grains of mineral origin [e.g. oxides, carbonates].

This leads to the development of nanotechnology which produces new structures,
materials, devices and nanoparticles involving manipulation of matter on a near-atomic scale.
Thus producing NPs with unique physicochemical properties such as small size, large surface
area to mass ratio, shape, crystallinity, surface charge, reactive surface groups, dissolution rate,
state of agglomeration, or dispersal that confer them properties substantially different from
those of the bulk particles of the same composition [1-3]. These properties offer immense
opportunities for the development of new NP industrial applications increasing their worldwide
distribution and enhancing the likelihood of environmental and human exposure [4].

Numbers of researchers from different parts of world are engaged in developing deep
into the field of nanotechnology. Nanoscience and nanotechnology promise for creating new
materials with enhanced properties and potential applications [5, 6].

Applications of Nanoparticles

Figure 1 and table 1 represents application of nanoparticles in different areas. Numbers
of nanoparticles whether organic or inorganic, are applied in different sectors for various
purposes. The engineered nanomaterials production in 2004 was estimated as 2000 tonnes and
increasing to 58,000 tonnes by 2011-2020 [7]. The worldwide market of different industries of
biotechnology, drug development and drug delivery containing nanoparticles was valued at
$17.5 billion in 2011 and should reach nearly $21.6 billion in 2012. The expected reach of total
market value in 2017 is $53.5 billion after increasing at a five-year compound annual growth
rate [CAGR] of 19.9%, whereas the projected increase in drug delivery systems from $11.3
billion in 2012 to $30.9 billion in 2017, a CAGR of 22.2%. Drug development and formulation
should total nearly $9.4 billion in 2012 and nearly $20.5 billion in 2017, a CAGR of 16.9%. Figure
2 shows the total products containing Nanoparticles and further its use in health and fitness
sector. Similarly table 2 represents the global market of nanotechnology.

Toxicity of Nanoparticles
Nanotoxicology is a branch of bionanoscience which deals with the study and

application of toxicity of nanomaterials [13]. These studies help to understand and determine
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the extent to which these nanoparticles may pose a threat to the environment and to human
beings [14].

Figure 1: APPLICATIONS OF NANOPARTICLES
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Figure 1: Applications of Nanoparticles [8]

Route of Exposure

Nanomaterials can enter the human body by various routes, such as breathing, eating,
and touching the skin [figure 3].

Skin is the largest primary defense system in our body and directly comes into contact
with many toxic agents. Skin exposed to nanomaterials/ nanoparticles by application of topical
creams and other drug treatments [16-18].

The inhalation serves as a major portal for ambient particulate materials. The deposition
of inhaled ultrafine particles [aerodynamic-diameter <100 nm] mainly takes place in the
alveolar region [16, 17]. After absorption across the lung epithelium, nanomaterials can enter
the blood and lymph to reach cells in the bone marrow, lymph nodes, spleen and heart [17, 19]
and results in coagulation and cardiac rhythm [20, 21].

Nanoparticles can be ingested directly in food, water, cosmetics, drugs and drug delivery
devices or can enter through nasal region [17, 18]. Nanocopper was also reported to cause
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pathological damage to liver, kidney and spleen. Occurrence of systemic argyria after ingestion
of colloidal nanosilver proves its translocation from the intestinal tract [22].

Major Materials Major Materials

W Mar 8, 2006 W Mar 8, 2006
W Mar 10, 2011 W Mar 10, 2011

Titanium Silicon/Silica 1 Titanium Siticon/Silica

Health and Fitness Subcategory

M Mar B, 2006
W mar 10, 2011

Personal Care Clothing tics Sporting Goods Filtration Sunscreen

Humber of Products

Figure 2:[a] Total product listed from 2005 onwards
[b] Major material that are used as nanoaparticle in product formation.
[c] This diagram is showing utilization of nanoparticle containing product in Health and Fitness
Source: Online nanotechnology consumer products inventory report based on consumer products, March 10, 2011
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Figure 4: Schematics of human body with pathways of exposure to nanoparticles, affected organs and associated
diseases from epidemiological, in vivo and in vitro studies. [13]
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Tablel. Selected Applications of Metal, Metal oxide and Inorganic Nanoparticles

Nanoparticle Abbreviation Applications
Aluminum Al Fuel additive/propellant, explosive, wear resistant, coating additive.
Carbon CNT Paper batteries, high-tensile carbon cables for space elevator.
nanotube Electrostatic and thermal dissipation, electromagnetic shielding.
Cerium [oxide] CeO, Polishing and computer chip manufacturing, fuel additive to decrease
emissions.

Copper Cu Antimicrobial [i.e., antiviral, antibacterial, antifouling, antifungall,
antibiotic treatment alternatives, nanocomposite coating, catalyst,
lubricants, inks, filler materials for enhanced conductivity and wear

resistance.
Fullerene Drug delivery, used in the design of safety goggles in intense light
situations.
Gold Au Cellular imaging, photodynamic therapy.
Iron [oxide] Fe,Fe;0,, Magnetic imaging, environmental remediation.
Fe203
Manganese Mn Catalyst,batteries
[oxide]
Multi Walled MWCNT Cytotoxicity: alveolar macrophages at high dose
Carbon
NanoTube
Nickel [oxide] Ni Conduction, magnetic properties, catalyst, battery manufacturing,
printing inks.
Silica SiOo, Fabrication of electric and thermal insulators, catalyst supports, drug
carriers, gene delivery, adsorbents, molecular sieves, and filler
materials.
Silver Ag Antimicrobial, photography, batteries, electrical
Single Walled SWCNT Cytotoxicity: alveolar macrophages at low dose;
Carbon Nano transient inflammatory and cell injury
Tube
Titanium TiO, Photocatalyst, antibacterial coating, sterilization, paint, cosmetics,
dioxide sunscreens.
Zinc [oxide] Zn, ZnO Skin protectant, sunscreen Carbon nanotube.

So far the knowledge regarding the health and safety aspects of NPs is still in its initial
phase and greater efforts is needed to understand interaction of these NPs with the human
body [23, 24]. The lack of studies investigating human toxicity from exposure to nanoparticles
and their entry portals and interactions with the body make risk assessment for these materials
challenging. In this regard, toxicity caused by these nanoparticles is gaining attention of
toxicologists and regulatory scientists [25] specifically in relation to the unique properties of
NPs that may render them potentially more dangerous than their fine-sized counterpart and
may pose unexpected adverse health effects to exposed people [26, 3]. The safety issues and
areas of agreement and disagreement regarding risk, exposure and hazards of nanoparticles is
matter of concern [27].

April - June 2013 RJPBCS Volume 4 Issue 2 Page No. 1401


http://en.wikipedia.org/wiki/Paper_battery
http://en.wikipedia.org/wiki/Space_elevator

mr' ISSN: 0975-8585

[ =

Table 2 : Nanotechnology Global market

Country Year Market Amount Source
[region
Worldwide 2003 Estimated turnover with nano Double-digit billion us [9]
products dollar
Worldwide 2003 Public research funding 3 billion us dollar [9]
[estimation]
Worldwide 2005 Total investment in 5-7 billion us dollar [10]
nanotechnology [estimation]
Worldwide 2008 Global market for nano products 700 billion us dollar [11]
Worldwide 2008 Global market for nano products 700 billion euro [12]
[estimation]
Worldwide 2010 Estimated turnover with nano Triple-digit billion us [9]
products dollar
Worldwide 2010 Global market for nano products 148 billion us dollar [12]
[estimation]
Worldwide 2011 World nanomaterials demand 4.1 billion us dollar [10]
Worldwide 2015 Estimated turnover with nano Four-digit billion us dollar [9]
products

These nanoparticles easily gain access through the body's membranes and within cells,
enters into cell mitochondria [28] and the cell nucleus [29], where they can induce major
structural damage to mitochondria [30, 31], cause DNA mutation [32], and even result in cell
death [33]. Unfortunately this also means that they may accumulate or override
our normal control  systems that manage our complex biochemistry, with
unidentified health effects.

Various nanomaterials are found to be harmful to humans, animals, and environmental
systems [25] then also these nanomaterials are being manufactured commercially and released
into the environment without any health and safety testing or environmental impact
assessment. Biological effects caused by nanoparticle deposition are related to their physical
and chemical parameters. Different health impacts are associated with nanoparticles when
compared to fine-sized [bulk] particle-types of similar chemical composition.

Numbers of disease associated with nanoparticle exposure are as follows in figure 4:

Despite of this, large number of products containing nanoparticles or nanomaterials are
commercially available, including sunscreens, cosmetics, foods, fertilizers, clothing, industrial
catalysts, fuel cells, sports equipment, computer and television screens, and medical equipment
[34, 35,7].

The existing body of toxicological literature [36] suggests clearly that nanoparticles may
have a greater risk of toxicity than larger particles. This body of evidence has been sufficient for
the world’s oldest scientific organization to warn that we should not release consumer products
containing nanomaterials until we have vastly improved requirements for safety testing [37].
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Factor Responsible For Toxicity Of Nanoparticles
Size

Size, is a key factor in determining the potential toxicity of a particle. As the size reduces
to the nanoscale there is large increase in surface to volume ratio, so more molecules of the
chemical are present on the surface, thus enhancing the intrinsic toxicity. These nanoparticles
being small in size are toxic to human once in the blood stream, spleen, bone marrow and
nervous system can be transported around the body. They are taken up by organs, tissue, cell
cultures and results in oxidative stress, inflammatory cytokine production and cell death.
Within the cell, nanoparticles cause mutation in DNA of cell nucleus and induce major structural
damage to mitochondria, even resulting in cell death [38]. Size is therefore a key factor in
determining the potential toxicity of a particle. The expression of a dose response relationship
on the basis of particle size resulted in a similar dose response relationship between low
solubility-low toxicity, particles of different sizes.

Chemical Composition

The toxicity of nanoparticles depends upon chemical composition and the intrinsic
toxicological properties of the chemical. The effect of carbon black has been shown to be more
severe than that of titanium dioxide, while for both compounds the nanoparticles induced lung
inflammation and epithelial damage in rats at greater extent than their larger counterparts.
Metallic iron was able to potentiate the effect of carbon black nanoparticles, resulting in
enhanced reactivity, including oxidative stress.

Reactive Oxygen Species [ROS]

The greater chemical reactivity of nanoparticles results in increased production of reactive
oxygen species [ROS], including free radicals [39]. Different type’s nanomaterials like carbon
fullerenes, carbon nanotubes, and nanoparticle metal oxides are found to be responsible for
reactive oxygen species production [40]. ROS and free radical production is one of the primary
mechanisms of nanoparticle toxicity. These reactive oxygen species result in oxidative stress,
inflammation, and consequent damage to proteins, membranes and DNA [41].

Shape
Shape is also likely to be an important factor although there is little definitive evidence.
Importance of shape in causing toxicity can be understood using fibres as significant example,

especially in relation to inhalation, where the physical parameters of thinness and length
appear to determine respirability and inflammatory potential.
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Surface

For the same mass of any particular material, the combined surface area of a particle is
inversely proportional to particle size. If the toxic properties of particles are determined by
interactions occurring at the interface between particles and biological systems, then toxic
response should correlate with the total surface area of particles. Indeed, it was observed in
animal studies that the inflammatory response to inhaled TiO, particulates of different sizes,
including those at the nanoscale size range, varied as a function of surface area [42].

Solubility

Solubility of nanoparticle also affects toxicity. Surface area and structural morphology
are the factors determining solubility of nanoparticle toxicity. Low solubility low toxicity was
observed in case of SiO,, polystyrene. Low solubility high reactivity was observed in Quartz,
CdSe, quantum dots. Ag, ZnO has high solubility.

Only few of in vivo and in vitro studies on reproductive toxicity of manufactured and
natural nanomaterials have been done to assess the toxic effects of nanoparticles on humans
and environment [43, 44, 45].

Reproductive Toxicity
Titanium dioxide Nanoparticles

Titanium dioxide [TiO,] is fine, white, crystalline, odorless, low-solubility powder. It is a
natural, thermally stable and nonflammable, nonsilicate mineral oxide found primarily in the
form of the minerals rutile, anatase, brookite, and as the iron-containing mineral ilmenite [46,
47, 48, 49]. TiO, is a versatile compound that has broadly been used in nanoparticulate form
[49]. Nanosized TiO, particles are among those most widely manufactured on a global scale
[50]. TiO, NPs are widely used in paints, printing ink, rubber, paper, cosmetics, sunscreens, car
materials, cleaning air products, industrial photocatalytic processes and decomposing organic
matters in wastewater due to their unique physical, chemical and biological properties
[including the inherent advantages of physical stability, anticorrosion and nanoscale-enhanced
photocatalysis] [51].

The manufacturing and demand of Titanium Dioxide [TiO,] nanoparticles is a significant
and strong in current scenario. 50,400 tons of nanoparticle TiO, was produced in 2010,
representing 0.7% of the overall TiO, market. The production is expected to increase to 201,500
tons by 2015 [52].

Adverse effects on spermatogenesis and histopathology was observed in in vivo studies
with increased allergic susceptibility in offspring of mouse dams intranasally insufflated with
respirable-size titanium dioxide [TiO,] and also changes in gene expression in the brain of
mouse offspring after maternal subcutaneous injection of TiO, nanoparticles [53].
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Intraperitoneal injections of TiO, NPs cause reductions in sperm density and motility and an
increase in sperm abnormality and germ cell apoptosis in mice. [54].

Aggregates of TiO, NPs in Leydig cells, Sertoli cells, and spermatids in the testes were
observed when mice were prenatally exposed to anatase TiO, NPs via subcutaneous injections
[45]. Seminiferous tubules become disorganized and disrupted, tubule lumens with few mature
sperm and decreases in daily sperm production, epididymal sperm motility, and numbers of
Sertoli cells were also observed [44, 53].

The potential of TiO, NPs impair the function of male mouse reproductive system. This
study evaluated the direct effect of NPs on testis-constituent cells, and examined the effect of
TiO, on mouse Leydig TM3 cells, the testosterone-producing cells of the testis [55].

Such limited knowledge regarding the reproductive toxicological effects of TiO, NPs and
the relevance of this topic makes future investigations a matter of urgency.

Silver Nanoparticles

Silver nanoparticles [Ag NPs] are most commonly used nanoparticles to many household
products such as bedding, washers, water purification systems, tooth paste, shampoo, fabrics,
deodorants, filters, paints, kitchen utensils, toys, and humidifiers to impart antimicrobial
properties[ 56, 57, 58, 59, 60, 61]. It is also used in glues, inks, pastes, polymers, coatings, etc.,
to make them thinner conducting pastes and coatings.

Ag nanoparticles are also able to assess human reproductive system through a variety of
commercial products such as contraceptive devices and feminine hygiene products. Studies
have shown that Ag nanoparticles cause toxicity to germ line stem cells through reduction in
mitochondrial function and induction of membrane leakage and apoptosis [62].

Work on dispersed silver nanoparticles obtained via biochemical synthesis has shown a lethal
effect on mammalian organisms when injected in vivo in mice [63]. Colloidal silver is widely
used in anti-microbial formulations and dressings in drug delivery system [64].Toxicity of
colloidal silver nanoparticles and a suspension of silver nanoparticles were compared in
Daphnia magna [65]. Silver nanoparticles [40 and 80 nm] cause impairment of mitochondrial
function [66].

Adverse impacts of silver nanoparticles [70 nm] on liver, spleen and kidney were
observed in a high dose-treated group [1 and 2 mg/kg] in rat’s living tissues [67]. Three
different characteristic sizes [10, 50, and 100 nm] AgNPs shows size-dependent cellular toxicity
against several cell lines including MC3T3-E1 and PC12 were studied [68]. Similarly repeated-
dose toxicity was observed with small-sized AgNPs [22 nm, 42 nm, and 71 nm] [69].

Birth defects related to the male reproductive system affecting sperm cells were
observed when silver nanoparticles were given during development. These silver particles can
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cross the mom's placenta and directly affect the baby [70]. In another study of reproductive
toxicity human testicular carcinoma cell line and testicular cells from two strains of mice, one of
the two is modified at genetic level to serve as a model for human male reproductive toxicity.
Silver nanoparticles inhibited normal cell function and caused more cell death when cells were
exposed to two different sizes of silver nanoparticles [20 nm and 200nm] over different
concentrations and time periods. A concentration-dependent increase in DNA damage in the
human cells was observed in 200 nm size silver particles [71].

Carbon Based Nanopatrticles

New form of carbon molecule, carbon nanotubes was discovered barely a decade ago.
These are hollow cylinders having hexagonal network of carbon atoms of as small as 0.7 nm
diameters and reach several millimeters in length [33]. Each end can be opened or closed by a
fullerene half-molecule. Nanotubes can be single layer or multi layers of coaxial cylinders of
increasing diameters in a common axis [lijima, 1991]. Multilayer carbon nanotubes can reach
diameters of 20 nm [72]. They are chemically and thermally very stable [73].

Depending on the specific process by which it is manufactured, carbon black also known
as acetylene black, channel black, furnace black, lamp black or thermal black. It is amorphous
form of carbon with high surface-area-to-volume ratio. Carbon black is used as a pigment and
reinforcement in rubber and plastic products. As a pigment and in automobile tires is the most
common use [70%] of carbon black. It also helps conduct heat away from the tread and belt
area of the tire there by reducing thermal damage and increasing tire life. Carbon black
particles are also employed in some radar absorbent materials and in photocopier and laser
printer toner. Total production was around 8,100,000 metric tons [8,900,000 short tons] in
2006 [74]. Carbon black printex 90 is a well-known ingredient in rubber, plastics, inks, and
paints with an annual production about 10 million tonnes [75, 76]. It is estimated that the
global annual production of nanotubes and fiber was 65 tons equal to €144 million worth and it
is expected to surpass €3 billion by 2010 representing an annual growth rate of well over 60%
[77]. Even though the information about the production of carbon-based nanomaterials is
scarce, the annual production volumes of for instance quantum dots, nano-metals, and
materials with nanostructured surfaces are completely unknown.

The adverse effects of carbon nanoparticles on the male reproductive system were
investigated using three different sizes [14, 56 and 95 nm] of carbon black nanoparticles. The
serum testosterone levels were elevated significantly in the 14- and 56-nm carbon
nanoparticles-exposed groups [78]. Repeated intravenous injections of water-soluble multi-
walled carbon nanotubes into male mice can cause reversible testis damage without affecting
fertility. Nanotubes accumulated in the testes, generated oxidative stress, and decreased the
thickness of the seminiferous epithelium in the testis [79].

14-nm carbon nanoparticles was administered intratracheally to mice showed partial
vacuolation of seminiferous tubules and reduction in cellular adhesion of seminiferous epithelia

[80]. The highly toxic nature and reactive surface chemistry of the carbon black nanoparticles
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has been found to affect lungs by inducing type Il cell line to release chemotaxins for alveolar
macrophages [81]. The toxicity of agglomerated carbon black was assessed in sprague-dawley
rats [82]. Pulmonary toxicity of inhaled carbon black in rats was observed [83]. In vivo and in
vitro studies on the reproductive and developmental toxicity of manufactured nanomaterials
including metallic and metal oxide-based particles shows adverse effects on spermatogenesis in
mouse offspring after maternal intratracheal instillation of carbon black nanoparticles [53].

Gold Nanoparticles

Gold nanoparticles [GNPs] has become very popular due to their unique electronic,
optical, thermal, chemical, biological properties and their potential catalytic applications in
various fields such as biology, medicine, physics, chemistry, material science and other
interdisciplinary fields [64]. Gold nanoparticles have bioapplications in four areas labelling,
delivery, heating, and sensing. In vitro toxicity of gold nanoparticle on the spermatozoa has
shown adverse effect on motility of sperm and also causes fragmentation of sperm [84].
Further reports are there showing toxicity of gold nanoparticle [85]. Another research shows
elevated plasma testosterone levels in male mice without affecting fertility after administration
of Gold nanoparticles [86].

CONCLUSION

Nanotechnology is producing new products and materials with brand-new properties.
The current knowledge of the toxic effects of nanoparticles is relatively limited. The available
data on nanoparticles shows that they can be distributed in the body and accumulate in several
organs by escaping through the different protective barriers. The potential risk due to release
of nanoparticles from manufacturing and /or processing units on safety and reproductive
health of local human populations, and on environment still in its formative stage. Significant
accumulations have been shown in the lungs, brain, liver, spleen and bones. It is unclear at the
present time the extent to which these nanoparticles affects reproductive organ and fertility
from knowledge of their physicochemical properties. These studies indicate that although NPs
have far-reaching applications, they also have the potential to cause adverse effects at the
cellular, subcellular, and protein levels. Strict preventive measures are needed to avoid any risk
of disease in researchers and students who are in contact of these nanoparticles during its
synthesis and also workers who manufacture, transform or use nanoparticles.
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