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Abstract

Nanotechnology is a collective definition referring to every technology and science which operates on a nanoscale.
Nanoparticles have different properties than larger particles and these properties can be utilized in a wide spectre of
areas such as in medicine, information technologies, energy production and storage, materials, manufacturing, and
environmental applications. Although nano-derived applications have great potential, there are some concerns about
the potential nanoparticles causing adverse effects on human health and the environment. The different properties
that make nanoparticles so promising are at the same time properties that are likely to have impact on ecosystems
and organisms. This review maps out the current knowledge base of hazards and risks of nanoparticles to human
health and the environment. The main findings of this study are that nanoparticles may cause more toxic effects than
bigger particles and can translocate within the environment and the body. However, nanoparticles are likely to cause
different impacts on human health, occupation health and the environment, depending on the size, shape and chemical
composition of the nanoparticle. There is therefore great uncertainty about what the actual risks of nanoparticle to human
health and the environment are. Both industry and regulatory bodies are aware of the potential risks of nanoparticles.
The producers do not believe that nanoparticles represent a risk to the environment, but feel that nanoparticles can be
more problematic in occupational settings. Producers therefore apply some precautionary measures to protect their
workers, but limited for the protection of public health or environment. The issues of nanoparticles have a low priority
among the regulatory bodies at the moment. The regulators are waiting for more scientific evidence and are therefore

not taking any direct precautionary measures.

Introduction

While nanotechnology and the production of nanoparticles are
growing exponentially, research into the toxicological impact and
possible hazard of nanoparticles to human health and the environment
is still in its infancy. This review aims to give a comprehensive summary
of what is known today about nanoparticle toxicology, the mechanisms
at the cellular level, entry routes into the body, and possible impacts to
public health [1]. Nanoparticles are small-scale substances (<100 nm)
with unique properties and, thus, complex exposure and health risk
implications [2]. Nanoparticles have been used for centuries. Nano-
sized materials are naturally present in forest fires and volcanoes, also
generated unintentionally from anthropogenic sources as a by-product
of combustion and deliberately as manufactured nanomaterials. The
colored glass that we see in many old cathedrals from the middle
age was made of gold nanosized clusters that created different color
depending on the size of the nanoparticles. The most prominent
example of engineered nanoparticulate material is carbon black which
has been around us for decades in applications like printing inks, toners,
coatings, plastics, paper, tires and building products. Nanoparticles
have different properties than larger particles and these properties can
be utilized in a wide spectre of areas such as in medicine, information
technologies, energy production and storage, materials, manufacturing
and environmental applications. Although nano-derived applications
have great potential, there are some concerns about the potential
nanoparticles causing adverse effects on human health and the
environment. The different properties that make nanoparticles so
promising are at the same time properties that are likely to have impact
on ecosystems and organisms. Therefore, nanotoxicology has emerged
only recently, years after the first boom of nanotechnology, when
various nanomaterial’s had already been introduced into a number of
industrial processes and products [3]. Nanotechnology is considered
by some to be the next industrial revolution and is believed to cause
enormous impacts on the society, economy and life in general in
the future [4]. The fields in which the nanotechnology is and will be
used reaches over a wide spectre of areas as in medicine, information
technologies, biotechnologies, energy production and storage, material

technologies, ~manufacturing, instrumentation, environmental
applications and security. There are few industries that will escape
the influence of nanotechnology [5] and consequently will affect our
daily life in the future. However, it is important to understand that
nanotechnology as such is not an industry, but an enabling technology
that, combined with other technologies, has the potential to impact
most other industries in various ways.

There are also some potential negative environmental and
health aspects that may follow the nanotechnology. The urgency to
react to a growing unregulated use of new nanomaterial’s, leading
inevitably to some degree of environmental and human exposure, was
apparent. Since then, investigations into the toxicological potential
of nanomaterials have been constantly trying to catch up with the
rapid growth of nanotechnology [6]. Engineered nanomaterial’s can
penetrate the skin, lungs and intestinal tract with unknown effects
to human health as nanoparticles can travel around in the body and
reach for example the brain [7]. The new engineered nanoparticles
have novel properties not previously known and it is likely because of
their novel properties will cause impacts on ecosystems and organisms.
As an example, a study led by Eva Oberdorster found that a type of
buckyball - a carbon nanoparticle that shows promise for electronic and
pharmaceutical uses - can cause brain damage in fish [8]. Nanoparticles
can cause other effects if they react with other substances or even carry
other substances into organisms, soil or groundwater.
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There are currently no regulations that cover nanomaterials and
there is no demand to do risk assessment of nanoparticles as such, if the
parent, bulk compound is already assessed. When risk assessments are
conducted on for example chemicals, one of the biggest uncertainties
lie in the exposure assessment. Additionally, as nanoparticles can have
such widely different applications and forms of hazards and risks, the
limited literature available is published in very different journals which
make it difficult to get an overview of the relevant literature. This is time
consuming and also an expressed problem for producers, researchers
and authorities.

This article therefore attempts to give an overview of the most recent
knowledge about the hazards and the potential risks of nanoparticles.
The objective of this article is to provide a basic understanding of the
risks to human health and the environment involved in technologies
that brings materials down to the size of nanometers and how we
currently are facing these risks.

Types of nanoparticles for clinical applications

There are several types of these new nanomaterial’s like the
quantum dots, fullerenes and nanotubes which have a vast potential in
the medical arena as drug and gene delivery vehicles, fluorescent labels
and contrast agents.

Liquid crystals: Liquid crystal pharmaceuticals are composed
of organic liquid crystal materials that mimic naturally occurring
biomolecules like proteins or lipids. They are considered a very safe
method for drug delivery and can target specific areas of the body
where tissues are inflamed, or where tumors are found. Liquid crystal
materials generally have several common characteristics. Among these
are rod-like molecular structures, rigidness of the long axis, and strong
dipoles and/or easily polarizable substituents [9].

Quantum dots: Quantum dots are often referred to as artificial
atoms. They are tiny particles, or “nanoparticles”, of a semiconductor
material, traditionally chalcogenides (selenides or sulfides) of metals
like cadmium or zinc (CdSe or ZnS, for example), which range from
2 to 10 nanometers in diameter (about the width of 50 atoms) [10].
Quantum dots work under the laws of quantum mechanics that cannot
be explained by the classical mechanics and electromagnetic theory.
Quantum dots are often fabricated in semiconductor material. The
size and shape can be precisely controlled and a quantum dot may
have certain number of electrons. Quantum dots show among other,
potential within the information technology. Quantum dots (QDs)
are semiconductor nanocrystals that emit fluorescence on excitation
with a light source. They have excellent optical properties, including
high brightness, resistance to photo bleaching and tunable wavelength.
Recent developments in surface modification of QDs enable their
potential application in cancer imaging. QDs with near-infrared
emission could be applied to sentinel lymph-node mapping to aid
biopsy and surgery. Conjugation of Quantum Dots with biomolecules,
including peptides and antibodies, could be used to target tumors in
vivo. In-vitro studies indicated that quantum dots may be toxic [11,12]
of which some toxicity could be attributed to surface coating [11](
Figure 1).

Fullerenes: Fullerenes are carbon molecules formed as large hollow
closed-caged clusters and have several special properties that were not
found in any other compound before. Fullerenes are being explored
as potential new antimicrobial agents in view of their potency for
induction of reactive oxygen species after photo excitation. However,
this may have an impact on microbial communities if they are released
into the environment via effluents. Therefore, various studies with

fullerenes have been published with regard to the ecotoxicity of these
important building blocks in nanomaterials [13,14].

The first fullerene discovered was the buckyball in 1985 [15].
Buckyballs (Figure 2) are soccer-ball-shaped molecules that were first
observed inaspace 25 years ago. They are named for their resemblance to
architect Buckminster Fuller’s geodesic domes, which have interlocking
circles on the surface of a partial sphere. Buckyballs were thought to
float around in space, but had escaped detection until now. Buckyballs
are made of 60 carbon atoms arranged in three-dimensional, spherical
structures. Their alternating patterns of hexagons and pentagons match
a typical black-and-white soccer ball. The C60 fullerene can reduce
the hepatic enzyme activity of glutathion (glutathione-S-transferase,
glutathion peroxidase et glutathion reductase) in vitro in humans (liver
coming from an autopsy), mice and rats [16].

Nanotubes: The nanotubes are typically a few nanometers in
diameter, but can be several micrometers long. These nanotubes show

Figure 1: Systematic representation of functionalized Quantum Dots.

Figure 2: Systematic Representation of Structure of C-60 Buckyball [17].
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highly promising potentials as they often are described as having one
hundred times the tensile strength of steel, thermal conductivity better
than all but the purest copper, and electrical conductivity similar to or
better than copper, but with the ability to carry much higher currents.
There are very different nanotubes with different properties and shape:
long, short, single-walled, multi-walled, open, close, with different types
of spiral structure etc. A vast developed nanotube is Carbon Nanotube.
Carbon nanotubes are long carbon-based tubes that can be either
single- or multiwalled and have the potential to act as biopersistent
fibers. Nanotubes have aspect ratios >100, with lengths of several mm
and diameters of 0.7 to 1.5 nm for single-walled carbon nanotubes
(SWCNT) and 2 to 50 nm for Multiwalled Carbon Nanotubes
(MWCNT) [18,19]. Recent studies with carbon derived nanomaterials
showed that platelet aggregation was induced by both single and multi-
wall carbon nanotubes, but not by the C60-fullerenes that are used as
building blocks for these carbon nanotubes [20]. MWCNT also elicit
pro-inflammatory effects in keratinocytes [21].

Nanotubes are very good at conducting communicative impulses,
whether in the body or through technological devices. With the
creation of special coatings for the nanotubes, the science may very
well give sight to the blind, sound to the hearing impaired, and motion
to the paralyzed. Medically speaking we could soon find a new field
of specialty known as nanosurgery. In these procedures, cancer cells
or other diseased cells could be eradicated from the body and then
replaced by engineered nanotubes that are ready to redevelop the
diseased cells with healthy impulses (Figure 3).

Dendrimers: Because of their specific nature dendrimers are
specifically suited for drug delivery purposes. Although their small size
(up to 10 nm) limits extensive drug incorporation into the dendrimers,
their dendritic nature and branching allows for drug loading onto the
outside surfaces of the polymeric structure [22]. Functionalization
of the surface with specific antibodies may further enhance potential
targeting. Apart from application in drug-delivery, dendrimers are
being investigated for many other uses including bacterial cell killing,
as gene transfer agents and trans-membrane transport. Little published
data is available on the toxicity of this class of particles. A recent review
on this topic [23] concluded that it will only ever be possible to designate
a dendrimers as “safe” when related to a specific application. The so
far limited clinical experience with dendrimers makes it impossible to
designate any particular chemistry intrinsically “safe” or “toxic”.

Gold nanoparticles/nanoshells:  Metallic  colloidal  gold
nanoparticles are widely used, can be synthesized in different forms
(rods, dots), are commercially available in various size ranges and can
be detected at low concentrations. Cells can take up gold nanoparticles
without cytotoxic effects [24,25]. For biomedical applications, they are
used as potential carriers for drug delivery, imaging molecules and even
genes [26], and for the development of novel cancer therapy products
[27-31]. For gold nanorods the cytotoxicity could be attributed to the
presence of the stabilizer CTAB of which even residual presence after
washing resulted in considerable cytotoxicity. PEG-modified gold
nanorods with removal the excess CTAB did not show cytotoxicity
[32]. In an acute oral toxicity study no signs of gross toxicity or adverse
effects were noted when a nanogold suspension (nanoparticle diameter
ca. 50 nm) was evaluated, the single dose for acute oral LD50 being
greater than 5000 mg/kg body weight [33]. Gold solutions are also used
to prepare nanoshells composed of gold and copper, or gold and silver
to function as contrast agents in Magnetic Resonance Imaging (RMI)
[34], and gold-silica for photothermal ablation of tumor cells [35]. In
vitro the non targeted nanoshells did not show cytotoxicity for the
tumor cells, whereas after binding to the tumor cells, cell death could

be obtained after laser activation [36,37]. Also in vivo positive results
were obtained with photothermal ablation therapy in a mouse model
for colon carcinoma after intravenous administration of PEG coated
gold nanoshells of approximately 130 nm [30] (Figure 4).

Potential applications of nanoparticles

Applications involving nanoparticles that exist or show promises
are presented here.

1. Nanotechnology is already being used in commercial
applications for bulk products, such as sunscreens with
increased transparency and cosmetics containing nanoparticles
with the ability to target deeper into the body. The cosmetic
companies have been active in using nanotechnology to
improve their existing products and e.g. L’Oreal holds a very
high number of nanotechnology patents [38].
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Figure 3: Model of a Single walled and Multi walled Carbon Nanotubes (NCCR,
2004).
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Figure 4: Toxicological considerations of clinically applicable nanoparticles [37].
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These have especially potentials in aerospace industry,
packaging and in the car industry where they already have
been introduced in the GM Motors Safari and Chevrolet Astro
vans [38]. The nanoparticles change the material’s properties
as e.g. metal gets harder, ceramics get softer and mixtures like
alloys may get harder up to a point where they get softer again.
By introducing clay nanoparticles it is possible to make the
materials stronger, lighter, more durable and often transparent.

Other short-term uses includes solar energy collection
(photovoltaics), medical diagnostic tools and sensors, flexible
display technologies and e-paper, glues, paints and lubricants,
various optical components, and new forms of computer
memories and electronic circuit boards [39].

Smart textiles developed with the help of nanotechnology and
in the long run textiles are expected to be able to change their
physical properties according to the surrounding conditions,
or even monitor vital signals [40]. The introduction of
nanoparticles in textiles can make it possible to produce very
light and durable textiles with resistance against water, stains
and wrinkling.

Medical applications are one of the fields with the biggest
expectations regarding human welfare. With the development
of new materials and a combination of nanotechnology and
biotechnology it could be possible to make artificial organs and
implants through cell growth which could repair damaged nerve
cells, replace damaged skin, tissue or bone [38]. Furthermore in
the synergy of information technology and medicine there are
expectations to e.g. diagnosis instruments for personal health
monitoring providing ultra-fine precision and quick response
time to the diagnosis tests.

Another application field in medicine is drug-delivery where
research is especially intensive on the possibility of manipulating
nanoparticles to deliver drugs because nanoparticles can have a
better solubility and absorption potential than bigger particles.
The nanoparticles can carry the drug and perhaps release it in
fine-tuned doses over a long time period to a targeted area,
reducing the side-effects of the traditional drugs.

Nano is also behind the creation of lighter weight and much
stronger materials for use in lots of sports. Nanotech will
eventually make better-performing yacht racing masts, hockey
sticks, vaulting poles, softball bats, golf clubs and tennis rackets
[41]. The technology will help make lighter racing bikes and
Indy cars. Eventually, nanotech could produce some truly
exotic sports products. Adidas, a shoe manufacturing company
worked with Olympics 400 m runner Jeremy Wariner for more
than two years to create the revolutionary Adidas Lone star
spike (Figure 5), which is named after Wariner’s home state
of Texas. The Lone star is the world’s first asymmetrical 400
m spike, featuring the first ever full length carbon nanotubes
reinforced plate and the exclusive adidas progressive
compression spike. The tapered grooves of the progressive,
compression spike provide the best penetration/compression
ratio, thus optimizing the spring like elastic property of the
track surface. The French tennis racket manufacturer Babolat
introduced a racket with carbon nanotubes which lead to an
increased torsion and flex resistance. They were more rigid
than current carbon rackets and pack more power. The Inmat
company made tennis balls which have twice the lifetime
than a conventional ball. Antibacterial fabrics based on silver

nanoparticles are used extensively for sports socks as well as
ones for day to day wear just to keep the odor at bay. Jackets
and towels are also using nano silver to kill bacteria.

There are also future environmental applications developed
with the help of nanotechnology. For example carbon
nanotubes show promises as a storage medium for hydrogen
giving new possibilities for renewable energy. Other
applications researched are nanoparticles as bioremediation.
Biological organisms that are used to clean up soil pollution
face the problem that in the soil most pollutants are not
bioavailable, but locked up within pores in the soil structure.
By using nanoparticles it may be possible to deliberately
mobilize pollutants in a controlled manner so that they become
bioavailable and ensuring that clean-up organisms are not
killed by a rapid release.

The development of doing things smaller, lighter and faster than
before has already been going on for many years. This enhanced
precision could enable existing products and processes to be more
effective, hence require less raw materials and energy. This is especially
true in the field of IT, electronic and energy industry.

Hazards and risks of nanotechnology and nanoparticles

There are many concerns regarding the possible impacts on
human health and the environment that can arise when the smaller
constituents of materials are brought down to the nanoscale. Although
these impacts may not be any different from those that can be caused
by chemicals. The very young field of nanotoxicity has already linked
some nanoparticles to:

Damage to DNA

Disruption of cellular function and production of reactive
oxygen species

Asbestos-like pathogencity
Neurologic problems (such as seizures)

Organ damage, including significant lesions on the liver and
kidneys

Figure 5: The “Lone star spike” shoes used by Jeremy Wariner.
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o Destruction of beneficial bacteria in wastewater treatment
systems

« Stunted root growth in corn, soybeans, carrots, cuacumber and
cabbage

+ Gill damage, respiratory problems and oxidative stress in fish.
Inhalation of nanoparticles

The most elementary property that nanoparticles have is the size.
Small sized particles have an increase both in number and in relative
surface area compared to particles of a bigger size, but with the same
mass. If comparing bigger particles with e.g. a mass concentration 10
pg/m’ with nanoparticles of the same mass concentration, there seems
to be a correlation between a decrease in particle size and an increase
in toxicity. This is a well established hypothesis when it comes to
lung toxicity, where it is shown that ultrafine particles made of low-
soluble, low-toxicity materials causes a stronger defence reaction in
the lung tissue of rats than finer respirable particles made from the
same material [42-44]. If we take the example of nickel, it is shown
that indicators of lung injury were greater with ultrafine nickel (20
nm) than standard nickel (5 um) [44] suggesting that ultrafine particles
have a much more toxic effect than finer particles of the same material.
However, the mechanisms behind are poorly understood. There are
theories that are trying to explain the mechanisms behind the increased
toxicity of ultrafine particles. The most well established theory is that it
has to do with the increased surface area and/or combination with the
increasing number of particles [45]. The increase in particle surface area
is believed to be linked to lung cancer, lung fibrosis and inflammation
in the lung. There are a considerable epidemiological studies suggesting
that an increase in ambient particle concentration is related to increase
in mortality and diseases in the exposed population. The strongest
associations are seen for respiratory and cardiac deaths, particularly
among the elderly and particulate air pollution is also associated with
asthma exacerbations, increased respiratory symptoms, decreased lung
function and increased medication use [46].

As already mentioned, there are a lot of concerns of nanoparticles,
but nobody knows yet if they can be biodegradable. Particles that
disappear within 1 to 2 weeks will probably not cause many problems,
according to Paul Borm of the Center for Expertise in Life Sciences,
Hogeschool Zuyd, the problems start when you use insoluble particles
like carbon black, gold and so on [47]. According to Borm and Kreyling
two third of inhaled fibres that are less than 20 um are not cleared out of
the lungs, which means that the fibers will bio-accumulate in the lungs
unless they are biodegradable or cleared out by other mechanisms than
macrophages clearing that transport particles from the lower parts
of the lung [48]. To make nanoparticles biodegradable will therefore
prevent many problems.

Dermal Penetration of nanomaterials

Skin can be exposed to solid nanoscale particles through either
intentional or nonintentional means. Intentional dermal exposure to
nanoscale materials may include the application of lotions or creams
[2]. There are many consumer products containing nanoparticles
already in the market that are applied to the skin. There are
nanoparticles in cosmetics, suntan lotion and baby products that
regulate and improve the moisture, odor or color. Up till today, there is
no clear evidence whether nanoparticles can be absorbed through the
skin, but the studies that are done are highly debated by scientists as
the examination methods are of various characters. For example some
studies are not based on living samples of skin which makes them only

of limited relevance [4]. It is also unknown how susceptible damaged
skin is to nanoparticles. On the other hand there is some evidence that
dermal exposure to nanoparticles may lead to direct penetration into
top layer of the skin and possibly beyond into the blood stream [49].
Considering the wide variety of products already on the market, this
needs to be found out urgently.

Absorption through the intestinal tract: Nanoparticles that are
swallowed will sooner or later end up in the intestinal tract. A very
important consideration is what happens with food containing
nanoparticles. Will they remain in the intestinal tract or will they
move on into the body? The two tasks of the intestine is to take up
nutrition while protecting the body from unwanted substances in
the food. It is not known whether nanoparticles are regarded as an
‘unwanted substance’ and excreted or will be absorbed. According to
a report by the Swiss Re, can particles of under some 300 nm reach
the bloodstream, while particles that are smaller than 100 nm are
also absorbed in various tissues and organs [4]. As a general rule, the
smaller the particles are, the more of them are absorbed and the deeper
into the body they can go.

Nanoparticle Translocation in the body: Normally, foreign
substances that enter the bloodstream are absorbed by special cells
called phagocytes, which remove the foreign substance from the
bloodstream. However, everything smaller than about 200 nm, is no
longer specifically absorbed by these phagocytes, but by cells that
are not actually “designed” for this function [4]. This can mean that
nanoparticles, once entered the body can travel freely in the blood and
through the body. Additionally small size means increased mobility.
Nanoparticles diffuse more easily than solid particles and behave more
like gas molecules in the air and like large molecules in solutions, being
less subject to sedimentation than bigger particles. This may have
implications also for the movement of nanoparticles in tissue. Whether
nanoparticles enter and transfer within the body to different organs
can have a significant importance for the impacts of nanoparticles on
human health and in the environment.

Inhaled ultrafine particles are depending on the particle size,
deposited in the nose region, and upper and lower level of the respiratory
system. A recent study concluded that the central nerve system and
the brain can be targeted by airborne solid ultrafine particles and that
the most likely mechanism is from deposits in the nose region [50].
The study furthermore concluded that the nose region could provide a
portal of entry into the central nerve system for solid ultrafine particles,
circumventing the tight blood-brain barrier, but the potential effects on
the central nerve system needs to be determined by further studies. The
blood-brain barrier represents an insurmountable obstacle for a large
number of drugs, including antibiotics, antineoplastic agents, and a
variety of central nervous system-active drugs, especially neuropeptides
and scientists have successfully transported drugs through this barrier
of drug delivery to the brain by using nanoparticles [51]. If nanoparticles
designed for drug-delivery can target the brain it is also likely that other
nanoparticles can do the same. There are a number of studies done that
support the hypothesis that ultrafine particles are able to translocate
from the lung into the systemic circulation and reach organs like the
liver in animals [52-56]. The large surface of nanoparticles also means
that it can be able to bind, absorb and carry compounds such as drugs,
probes and proteins [48], but also other substances like metals or toxic
substances. This increasing reactivity with other substances can have
consequences both for human health and the environment.

Novel properties, different toxicity: The novel properties are
exactly what are making novel nanoparticles of such interest for
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the industry and society. However the properties which make the
nanoparticles interesting are also believed to change the toxicity of the
material. Single-walled carbon nanotubes (SWCNT) have a very broad
commercial application potential due to their superior mechanical and
electrical properties, but are very light and can become airborne. In a
study by [57], SWCNTs were induced into lungs of mice. The results
showed that if carbon nanotubes reach the lungs, they are much more
toxic than carbon black and can be more toxic than quartz, which is
considered a serious occupational health hazard in chronic inhalation
exposures. Another study showed that SWCNTSs induced in rats caused
inflammation and does not appear to follow the normal paradigm
of toxic dusts such as quartz and silica suggesting a potentially new
mechanism of pulmonary toxicity and injury by SWCNTs [45]. The
ability of SWCNTs to cause lung damage may be consistent with their
unique physiochemical properties which impart to them enhanced
structural properties, but may also make them more persistent in
biological and ecological systems [58]. In current practice SWCNTs
are classified as a new form of graphite on material safety data sheets
provided by manufacturers of these nanoparticles. As the two studies
showed, the exposure limits for graphite-based material may not
be adequate for setting a safe exposure level for SWCNTs and it is a
question whether SWCNTs should have different exposure limits than
bigger graphite material.

Chemical composition and coating: In addition, another
consideration is the toxicity of the material the nanoparticles consists
of, [59] showed in a rat study that the different materials such as nickel,
cobalt and titanium dioxide give dramatically different inflammatory
responses in the lung. Nickel was more toxic than cobalt with titanium
dioxide giving the least toxic effect. It further showed that the substances
had different ability to create free radical activity. This difference in
free-radical-generation activity therefore could underlie the difference
in inflammation that these three ultrafine particle types induced. Free
radicals are atoms that possess an “unsatisfactory” number of electrons
and the atoms either snatch or force electrons on the neighboring
atoms. In this way the original free radicals optimize their own
structure, but transform other atoms into free radicals, triggering a
chain reaction. This process is completely natural in healthy cells, but
when this process is reinforced by external factors they can harm cell
walls and these radicals can initiate a chain reaction causing effects in
the entire body [4].

Warheit et al. [60] have studied different commercial formulations
of the surface coatings on titanium dioxide particles and found that one
surface coating demonstrated more toxicity than the other coatings.
The absence, presence or composition of surface coatings is therefore
complicating the toxicity of nanoparticles. However, it is unknown
how long safety coatings stay on the particles. The likelihood of coating
breakdown has been shown in cell culture systems, where quantum
dots were initially rendered non-toxic with coatings, but if the quantum
dots were either exposed to air or ultraviolet radiation for as little as 30
min, they became very destructive to living cells [61].

Environment: In the environment, natural enzymes can change
the surface properties of nanoparticles so the nanoparticles become
colloids. In colloidal solutions nanoparticles remain mobile because
they do not form conglomeration and are not deposited. According to
areport by Swiss Re, one of the leading global reinsurers, nanoparticles
with colloidal characteristics can carry toxic material, such as water-
repelling pollutants and heavy metals [4], over long distances and could
potentially pollute aquifiers. As they tend to be more reactive, due to
the size, they may react with other substances in the environment and

lead to new and possible toxic compounds. If the roots of plants were
to absorb nanoparticles, the nanoparticles could enter the food-chains.
The Swiss Re report posed the question whether the nanoparticles
could then also leak into the drinking water and be directly taken up
by humans [4]. However, the high reactivity also means that they react
much faster with the surroundings and may be neutralized before
causing harm. On the other hand, pollutants binding to a nanotube
might neutralize pollutants and reduce the harm they normally would
cause [62]. In the long term it is a possibility for a wide exposure of
the entire ecosystem to engineered nanomaterials through the water
and soil. One of the prominent environmental nano-researchers,
Vicky Colvin, anticipates that if engineered nanomaterial applications
develop as projected, the increasing concentrations of nanomaterials
in groundwater and soil may present the most significant exposure
avenues for assessing environmental risk [63]. She further imposed
that even though it is difficult to create water-soluble nanostructures,
some nanomaterials can form a stable colloidal species in water from
both a powder and an organic solution and hence enters groundwater.

One type of nanomaterials, the fullerenes are lipophilic and localize
into lipid-rich regions such as cell membranes in living organisms,
and being redox active and they therefore have the potential to be
toxic. A study by Eva Oberdorster showed that fullerenes can induce
oxidative stress in the brain of fish [64]. This is the first study done
with new nanomaterials showing that nanomaterials can damage
aquatic organisms. Further studies that evaluate the potential toxicity
of manufactured nanomaterials, especially related with respect to
translocation in the brain are needed.

Special Risks: The potential risk about nanoparticle is that they
dissolve in the bloodstream, penetrate deeply into the lung, can cross
the placenta in pregnant women and reach the foetus and can cross the
blood-brain barrier. There is a particular problem that nanoparticles
are not confined only to the lungs, but can reach anywhere in the body.
The most potent risk is the toxicity associated with the large surface
area and that if there are some toxic properties like metals on that
surface, the toxicity will be multiplied up (Table 1).

Precautionary measures

1. We should be very careful in situations where there might
be exposure to nanoparticles and that we should make
recommendations for good practice for companies handling
engineered or synthetic particles. Companies should know how
to use and produce them safely and know which nanoparticles
are more hazardous and which are less hazardous.

2. Itisimportant that authorities work together with the producers
and scientists, to find out what kind of precautionary measures
should be taken, based on information from epidemiology and
toxicity studies and the material scientists. Authorities should
initiate proper attempts to assess what the exposure is and do
proper toxicology to get a feeling for what risks those different
kinds of nanoparticles represent.

3. We need to test more types of nanomaterials and look at
the whole range of nanoparticles that the nanotechnology
industries are using. One example of the new nanomaterials
is the nanotubes, because they might behave like fibres. These
nanotubes may behave like asbestos because they are long and
thin. The nanotubes are cleaned in acid which means that the
lungs will not manage to dissolve the nanotubes.

4. There is apparently a need to change the testing protocols.
More fundamental and pragmatic testing is needed.
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Target Nanoparticle Major outcomes References
Brain
. Time- and dose-dependent increase in pro-inflammatory cytokine release and correlating increases in permeability
Silver NP L [65]
and cytotoxicity of cells.
Dose-dependent accumulation of NP was observed in the brain and other organs suggesting systemic distribution
Silver NP after oral administration. ALP and cholesterol increased significantly in high-dose group (1000 mg/kg/day) indicating [66]
hepatotoxicity.
. Neurobehavioural abnormalities were observed in adult zebrafish with increased DA and 5HT turnover in previously
Silver NP : - [67]
exposed embryos secondary to altered synaptic functioning.
Direct inoculation of all 3 SPION agents resulted in the uptake into the CNS parenchyma. No pathological changes
U (SPION) [68]
were detected.
Naked NP: severe adverse effects with resultant death with particles ranging from 8 to 37 nm in diameter.
Liver Gold NP Microscopically, Kupffer cell activation in the liver and lung parenchymal destruction was observed. Surface [69]
modified NP: elicited increased host immune response and improved cytocompatibility.
NPs were found to accumulate in liver and spleen. Significant upregulation of inflammatory cytokines (IL-1, 6, [70]
Gold NP 10 and TNF-a) with subsequent apoptosis of hepatocytes at highest concentrations (4.26 mg/kg). No significant
changes in the liver at lower doses.
Silver NP Oxidative stress-mediated toxicity due to free Ag*liberation. Induction of pro-apoptotic signals in liver tissues. [71]
Silver NP NP enter cells which results in the production of mediators of oxidative-stress. However, protective mechanisms 72]
could be observed which increase GSH production to avoid oxidative damage.
Significant hepatotoxicity (degenerative necrosis of hepatocytes) was observed with smaller NP (<100 nm) whereas
Silica NP no pathological changes were seen with larger particles (300 or 1000 nm), even at relatively higher concentrations | [73]
of NP (100 mg/kg).
Dermal Silver NP Rever5|blelhepatothwlty and grgyrla—llke discoloration of treated area of skin, elevated plasma and urine silver [74]
concentrations and increased liver enzymes.
Titanium Dioxide NP QytotOX|C|ty was observed affecting cellular functions such as cell proliferation, differentiation and mobility resulting [75]
in apoptosis.
Silica NP Size-related toxicity with faster cellular uptake of smaller particles and concomitant higher toxicity. [76]
Silica NP Reduced Cell Viability [77]
Gold NP Maximum cytotoxicity with smaller NP (1.4 nm) characterized by apoptosis and necrosis. [78]
Gold NP Dose-dependent reduction in cell proliferation. [79]
Lung PLGA-Chitosan NP | Non-toxic even at highest concentrations. [80]
SWCNP Low acute cytotoxicity was further reduced by dispersion of SWCNTSs in serum. [81]
MWCNP Uniform particle uptake by pulmonary macrophages. No inflammatory or fibrotic changes were observed. [82]
. Dose- and time-dependent decrease in cell viability: up to 50% reduction at highest dosage after 72 h. Oxidative
Silica NP s . s [83]
stress indicated as mechanism of cytotoxicity.
Silica NP Dose dependent Increase in Cytotoxicity [84]
Silver NP Dose- and time-dependent increase in blood Ag nanoparticle concentration was observed along with correlating [85]

increases in alveolar inflammation and small granulomatous lesions.

Table 1: Summary of nanoparticle toxicity.

5. We must think surface chemistry of nanoparticles. We need
more epidemiological studies on humans, where the effects
of nanoparticles are separated out from the effects of other
particles.

6. We have to look more at the mechanisms of cell activation
and move away from only acute toxicity models, which have
abnormally high levels of exposure that may not be relevant.

7. A moratorium should be posed on nanotechnology until more
scientific evidence is established, proving that the technology
and its applications are not only safe to the environment
or human health, but also that the social implications are
understood.

Conclusion

The bottom line is not whether nanoparticles are hazardous or
represent risks to human health or environment. The bottom line is
whether the applications of nanoparticles can substitute applications
that are more hazardous and represent a larger risk to human health
or environment. If the benefits prove to be as true as the most
enthusiastic supporters of nanotechnology believe, the risks may prove
to be acceptable. Until that day comes, reducing the uncertainties
and the risks should be the main focus. That would, according to the

precautionary principle, mean to handle nanoparticles as in a worst-
case scenario and take adequate precautionary measures to cope with
the worst-case, because it is better to be safe than sorry for all parties
involved.
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