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ABSTRACT

The toxic effects of selected nanoparticles namely aluminium oxide
(Al,O3.NPs), iron oxide (Fes04-NPs), silicon dioxide (SiO,-NPs) and titanium
dioxide (TiO,-NPs) were evaluated in the fish, Oreochromis mossambicus.
Chapter 1 of the thesis determined acute toxicity of nanoparticles using Probit
analysis, and the median lethal concentration or LCs0-96 h obtained was Al,Os-
NPs - 40 mg/ L, SiO2-NPs - 120 mg/ L and TiO2-NPs - 164 mg/ L. Median lethal
concentration was not found for Fe;O4-NPs, therefore, based on agglomeration
the test concentration was selected as 150 mg/ L. In Chapter 2, the effects of
selected nanoparticles on the antioxidant status of gill, liver and brain tissues
were examined. One-tenth of LCsg value was selected as sublethal concentration,
and each nanoparticles were exposed for short-term (24, 72 and 96 h) and long-
term (15, 30 and 60 days) durations maintaining the control group. The study
revealed the induction of oxidative stress in all tissues but more profound effect
was noted in gill tissues. Treatment withdrawal for 60 days showed that
nanoparticles-induced oxidative stress was irreversible and permanent in gill,
liver and brain tissues. Chapter 3 deals with histological examinations of gill,
liver and brain tissues exposed to selected nanoparticles at sublethal
concentrations. The results showed morphological alterations in the gill, liver
and brain tissues of the fish where the severity of damages were increased with
increase in exposure duration stating the effects of nanoparticles are time-
dependent. Nanoparticles exerted permanent and irrecoverable pathological
lesions in all tissues that were obvious after the treatment withdrawal. The
genotoxic potential of selected nanoparticles were analysed in Chapter 4, which
concluded that nanoparticles act as genotoxins, and exerted genetic damage and

cytotoxicity both in vivo and in vitro.
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1.1  Toxicology

Toxicology is the branch of science acknowledged as ‘science of poisons’
that focus on the adverse effects of toxicants on the living organisms. Basically,
toxicology is defined as the study of the adverse effects of any chemical or physical
agents that cause harmful effects on the animals, humans and the environment. On
the other hand, toxicology is also referred as the ‘science of safety’ because it apply
the power of science to predict the harmful effects of the toxicants, and shares the
impact of toxic substances in order to protect the health status of the ecosystem.
Toxicity of any physical or chemical agents is the relative ability of the compounds
to cause some adverse effects in the living system. The term ability depend upon
many factors such as dose, duration, frequency of exposure, route of exposure,
composition of toxicant along with intra- and inter-specific variations, such as age,
gender, health condition of exposed organism, and other environmental factors
(Casarett and Klaassen, 2008).

Toxicants enter into the body through four possible routes namely ingestion,
injection, dermal exposure and inhalation. Toxic compounds once entered into the
body of organisms circulate through the blood stream and get translocated to
different systems and organs. There are three possible fates of toxicants inside the
body namely metabolism, storage and excretion. Many toxicants are metabolized or
transformed into either highly toxic or less toxic compounds, which are stored to
increase the persistence of the chemicals inside the body or excreted over a period of
time, to reduce the toxicity. If the elimination rate is slow, then the chemicals may
accumulate deleterious effects in the animals and cause damage to the target organs
(Hayes and Kruger, 2014). Besides, the synergistic or antagonistic effects of single
toxicant with other compounds also have profound effects on the properties of
toxicants.

The dose-response relationship is the fundamental concept in toxicology,
which is defined as the mathematically and biologically plausible correlation
between the responses to a compound at certain dose over an exposure period,
usually expressed as cumulative percentage (Moffett et al., 2015). Dose-response
relationship primarily depends on the exposure period and route, which is used to

establish safe, hazardous and beneficial levels of any substances to organisms,



including human. The toxic responses or health effects caused by toxicants come
under two categories, namely acute and chronic effects. Acute toxic effects are the
quick response to a single chemical or brief exposure to a relatively high dose for a
short period of time. However, chronic effects are caused by repeated or long-term
exposure of toxicants to lower concentrations over a prolonged period. Acute toxic
effects may be local or systemic whereas the health effects of chronic exposure may
vary according to species and cell or tissue type (Casarett and Klaassen, 2008).

Thus the toxicity ranges from tissue or organ level, sometimes may extend to
organism or genetic level thereby leading to severe damage to the entire ecosystem.
Most of the toxicants have specific targets for their action, which may vary from
fundamental molecules to organ systems. Organ level of toxicity impairs various
systems including respiratory, immune, endocrine, digestive, cardiovascular,
musculo-skeletal, central nervous system, renal and reproductive systems. Cellular
or tissue level of toxicity includes interference with cell signalling pathway,
metabolic energy inhibition, disruption in endocrine receptor function, enzymatic
inhibition or induction, alteration in normal protein function, DNA cross linking
formations, changing genetic code, degradation and fragmentation of genetic
materials and proteins, destructing cellular integrity and so on. Adverse effects at
molecular level include alteration in transcription, translation, specific cytoplasmic
and nuclear receptor binding and the related modifications in the gene and gene
products (Zhao and Liu, 2012).

The toxic effects within an organism are generally associated with the
alterations in the tissue morphology, biochemistry, and physiology. However, many
toxicants can induce cell death, cytotoxicity and DNA level damages, and based on
the type of effects, the toxicants are categorized as teratogenic, mutagenic or
carcinogenic. The toxic effects of compounds that lead to the congenital
malformations are termed as teratogenicity. The toxicants that cause cellular or
genetic level abnormalities are termed as mutagens or carcinogenic. Mutagens are an
agent that forms sources of alteration in the genetic material that pass over
generations, and may sometimes lead to carcinogenesis. At organism level, the toxic
effects could impair several key organs such as liver, kidney, brain, lung, heart,

blood, sense organs, gonads and other major organs. Thus it is difficult to ascertain



the effects of toxic compounds on particular factor alone as there are profound toxic
testing strategies. Toxicants are the chemicals that contaminate various
environmental compartments such as air, water, land, and the flora and fauna, and
have potential to cause adverse effects on the health of animals, including humans,

and the surrounding environment thus also referred as environmental contaminants.

1.2 Environmental contaminants

Environment consists of both abiotic and biotic components that interact
continuously for the exchange of energy and materials for adaptation and survival.
Environmental contaminants are the pollutants with undesirable properties, which
are intentionally or deliberately introduced to air, water and soil by natural process
or as a result of human activities. The rapid advancement in the field of technology,
urbanization, improper agricultural practices, inappropriate waste management
system are some of the factors responsible for the cause of environmental
contamination faced by many countries worldwide. Contaminants can be
categorized as physical, chemical or biological pollutants, ranging from oil spills,
plastics, E-wastes, atomic wastes, biological wastes, industrial wastes to pesticides,
chemicals and most recently added nanowastes. It is a well-known fact that most of
the chemicals end up in the aquatic ecosystems due to inappropriate method of
disposal in the wastewater treatment plants. Thus the quality of wastewater effluents
are responsible for the spread of various waterborne diseases, decreased levels of
dissolved oxygen, changes in water quality, release of toxic substances,
bioaccumulation or biomagnification in aquatic life, and increased nutrient loads
(Akpor, 2011).

Fish species are known to tolerant severe contamination in water at some
extent but show a variety of morphological, biochemical, physiological, cellular,
tissue or organism level modifications that appear to reflect the level of water
pollution. Sometimes the uptake of certain toxicants by aquatic organisms like fish
may be followed by metabolism of the toxicants into more toxic derivatives than the
parent compound. In some cases, aquatic organisms attempt to concentrate toxic
solutes from the environment without any apparent damages to themselves.

Recently, ecotoxicological studies raise new concern on the possibility of



synthetic nanoparticles as environmental contaminant where the impacts on health
and stability in local ecosystems are difficult to predict. Naturally-occurring
nanoparticles possess several application in biological and geochemical processes
whereas the mimic or synthetic nanoparticles though drawing attention in several
fields makes distinction from natural nanoparticles because of the harmful effects on
aquatic organisms (Nowack and Bucheli, 2007).

There are several types of nanoparticles that can harm aquatic faunas
including plankton, bacteria, and fish in the aquatic ecosystem because they
facilitate biotransformation reactions. Nanoparticles are released into the
environment by anthropogenic activities including large-scale mining, burning fossil
fuels or demolition, automobile traffic and so forth. Recently, metal and metal oxide
nanoparticles have been generated as a result of mining and metal refinery
operations thereby contaminate aquatic ecosystems. Nanoparticles-contaminated
water that is discharged from the manufacturing units usually endures several
purification processes, including mechanical filtering, settling treatments, digestion
with microbes, and finally chemical disinfection process. Unfortunately, these
treatment stages are not specifically designed to completely remove nanoparticles
from the waste water effluents thus it may remain in the water even after the
treatment for long period, and get released directly into the aquatic environment.
Some nanoparticles sometimes remain in the leftover of microbe-bearing sludge
released from the purification process and leach into soil in and around the landfill
area or enter into ground water or other aquatic sources (Nel et al., 2006). Thus
exposure of nanoparticles into aquatic ecosystems through several sources may harm

aquatic animals or humans, through the food chain.

1.3  Nanoparticles

Recent development in science and technology contributed the engineered
nanoparticles to mankind. The term nanotechnology is essentially the science of
understanding and controlling molecular materials in nano scale range between 0.1 -
100 nm. Nanoparticles are the particles having at least one dimension in nanoscale,
most preferably less than 100 nm sizes. Nanoparticles are classified into three types

based on the dimensions of a material. All nanoparticles are zero dimensional if all



the dimensions are measured within the nanoscale. In one-dimensional
nanomaterials, one dimension is outside the nanoscale, which includes nanotubes,
nanorods and nanowires. However, three-dimensional nanomaterials are not
confined to nanoscale in any dimension and this class includes bulk powders,
dispersion of nanoparticles, bundles of nanotubes, nanowires and multi-nanolayers
(Oberdorster et al., 2005). Nowadays, nanoparticles are used in different areas, such
as cosmetics, pharmaceuticals, electronics, medical applications, and environmental
processes. Due to the widespread applications, the production rate of nanoparticles
has been expected to increase from 2,000 to 58,000 tons by the year 2020 (Maynard,
2006).

Increased relative surface area and quantum effects are the two principal
factors that cause the properties of nanoparticles to differ from the bulk materials.
These two properties enhance the strength, reactivity and electrical characteristics of
nanoparticles. Reduction in the size of nanoparticles enable high proportion of atoms
at the surface than those found inside which makes the particle more reactive than
the same mass of material made up of larger particles. Similar to the surface area
effects, the quantum effects of nanoparticles provides the electrical, optical and
magnetic behaviour that was exploited in some nanoscale materials such as quantum
dots and quantum well lasers. The shape of the nanoparticles may be spherical,
tubular or irregular shaped and are categorized as natural or synthetic nanoparticles.
The naturally occurring with geogenic or pyrogenic origin are the natural
nanoparticles whereas the nanoparticles that are engineered or manufactured by
using specific processes and released deliberately into the environment are called
synthetic nanoparticles (Nowack and Bucheli, 2007). Based on the chemical
composition, nanoparticles are further divided into organic and inorganic
nanoparticles. Examples of organic nanoparticles include liposomes, dendrimers,
carbon nanomaterials and polymeric micelles. Quantum dots, superparamagnetic
iron oxide nanoparticles, gold nanoparticles, paramagnetic lanthanide ions are some
examples of inorganic nanoparticles (Caruso et al., 1998).

There are two fundamentally different approaches for the controlled
synthesis and characterization of nano-based products namely bottom-up and top-

down approaches. Bottom-up approach is characterized by the growth and self-



assembly of single atoms and molecules or it can be explained as the synthesis of
nanoparticles from atomic level. In top-down approach, nanostructured materials are
made from large uniform pieces of materials with the help of technologies like
lithography and etching, which is used to reduce the size from bulk materials
(Pomogailo, 2006). It can be assumed that the application of nanotechnology is
advantageous to individuals and organizations as the newly produced nano-scale
materials provide radically different properties and new phenomena, which are
associated with very large surface area to volume ratios, and can be experienced
with its dimensions and quantum-effects. Nano-based products have wide range of
applications in the field of science, technology, and industrial as well as in consumer
products. However, environmental exposure to such materials with phenomenal

properties may pose risk to the exposed organisms.

1.4 Sources of nanoparticles

Nano-scale materials exist naturally in the atmosphere generated by volcanic
eruptions, desert surfaces, and from dust and cosmic sources (Buzea et al., 2007).
Carbon black or soot is the best example of fossil fuels and vegetation, which is the
partial combustion product (Nowack and Bucheli, 2007). Volcanic eruption also
produces nanoparticles into the environment by Aiken-mode nucleation process
(Aiken, 1884). Minerals and ores of metals, forest fires, pollen fragments, and
meteorites are the other few examples of the natural source of nanoparticles. Nano-
scale materials are present in organisms like magnetotactic bacteria, mollusks,
arthropods, fish, birds and even in human brain. Besides the natural sources, humans
have created nanoparticles as by-products of simple combustion, chemical
manufacturing, oil refining and smelting, combustions of treated sewage sludge,
coal and fuel oil, vehicle and airplane engines and during welding process. These are
collectively referred as nanoparticles of anthropogenic origin.

Newly designed particles and functionally modified particles widely used in
semiconductors, metal oxides, carbon-based products, polymers, nanospheres,
cosmetics, fabrics, electronics, optics, displays and in cleaning agents are the
intentional sources of nanoparticles. Recently, some of the engineered nanoparticles

are commonly used in sporting goods, stain-resistant clothing, tires, food additives,



sunscreens, toothpaste and so on, which constitute the environmental nanomaterials
of recent health concern (Oberdorster, 2001). The nanoparticles that are released
into the environment from the production and transportation sites, emissions or
during the conversions of products forms the unintentional sources. Fumes and
smokes from internal combustion engines, power plants, incinerators, jet engines,
polymers, frying and fumes formed during welding, smelting are some examples of
unintentional sources of nanoparticles. Nanoparticles, either natural or engineered
that are released intentionally or unintentionally may reach the main three
compartments of environment such as air, land and water. Thus the exposures to
nanoparticles are not limited to targeted organisms, but may reaches the non-targets
that include plants, animals and humans.

Nanoparticles that reach humans or other targeted or non-targeted organisms
are of endogenous or exogenous origin. Nanoparticles that are derived endogenously
are released from intestinal calcium and phosphate secretion in the gastrointestinal
tract (Lomer et al., 2004). Exogenous sources are particles that are derived from
outside the body such as water, food, pharmaceuticals, cosmetics, inhaled particles
and dental prosthesis debris (Takenaka et al., 2001; Ballestri et al., 2001). It has
been reported that the dietary consumption of nanoparticles in developed countries
is estimated around 10*2 particles per person per day (Oberdorster, 2004). The main
particles that enter through food are titanium dioxide and mixed silicates as they are
widely used as colourants and preservatives in food products and pharmaceuticals.
Such nanoparticles do not undergo degradation in time and may accumulate in
macrophages. Even a small fraction of inhaled nanoparticles pass into the
gastrointestinal tract, which is highly influenced by the size, charge, surface
chemistry, dose and duration of administration (Hoet et al., 2004). Nanoparticles of
less than 14 nm size can cross the colonic mucous layer of gastrointestinal tract
within two minutes, when the particle size is 415 nm it takes 30 minutes to cross the
layer, and particles do not pass the barrier if the size is 1000 nm. After penetration
through the mucous layer it reaches the enterocytes and then enters the lymphatic
systems and capillaries. Translocation of nanoparticles also occurs through dermal,
injection and by implants thereby making accessible to various organs in the body
(Hoet et al., 2004).



1.5  Properties of nanoparticles

The exceptional property of nanoparticles is having the high surface area to
volume ratio that makes even the simplest nanoparticles to have distinct surface
chemistry from the core material. Engineered nanoparticles designed to interact with
the biological systems possess suitable functional groups attached to the surface
such as short chain peptides. Besides, the surface of nanoparticles may also be
functionalised with a range of metal ions, small molecules, surfactants or polymers.
Thus surface functionalization is critical to produce nanoparticles exhibiting unique
properties for its applications in numerous consumer products (Oberdorster et al.,
2005). The second layer of the nanoparticles is called the shell that completely
differs from that of the core material. Core is the centre of the nanoparticles usually
referred as the nanoparticles itself that determine the fate and the environmental
behaviour of the nanoparticles. Most of the researchers in physics and chemistry
concentrate only on the core of the nanoparticles. Morphology is another distinct
property of nanoparticles where the most common is the simple rod or wire, such as
a carbon nanotube, however, tetrapod, tear drop, dumbbell and dendrite structures
are readily available. The control over the shapes is related to the phase of the
components of the system, and also related to changes in composition of the
materials themselves (Mana et al., 2000). Surface characteristics like surface charge
and area affect agglomeration of nanoparticles in dispersions, and its uptake and
translocation inside the biological system (Hoshino et al., 2004). The surface charge
of nanoparticles has significant role in altering integrity and permeability of blood-
brain barrier (Lockman et al., 2004).

Particle mobility, surface energy and colloid stabilization, optical and
catalysis properties are some of the intrinsic properties of nanoparticles that
determines the fate, behaviour and reaction in the environment. The size of
nanoparticle is one of the important properties that decide various interactions like
absorption, distribution, metabolism, and excretion in the biological systems (Borm
et al., 2006; Choi et al., 2007). Nanoparticles generally form colloids or
nanodispersions in aquatic media rather than solutions with solvents and may
contain same particles of different sizes. Therefore, aggregation or agglomeration is

the characteristic behaviour of nanoparticles that contribute to behave in different



way. Solubility and stability are the other properties utilized to evaluate the
behaviour and utility of nanoparticles. Hydrophilic and well-dispersed nanoparticles
generate more biological responses when compared to less dispersed ones. At the
same time stability seems to be indirectly proportional to the toxicity where the
particles with less stability are likely to be more toxic (Warheit et al., 2004). Apart
from the all described and known properties of nanoparticles, sometimes they
possess unexpected and unique properties on interacting to the biological system,
which enable them to enhance the utility range as well as the growing concern

regarding its toxicity.

1.6 Applications of nanoparticles

Nanoparticles have wide range of applications in almost all fields including
biomedical, energy and electronics, consumer products, manufacturing, and in
environmental perspectives. In biomedical field, the applications of nanoparticles
are colossal, and the major applications include tissue engineering, MRI contrast
enhancement (Weissleder et al., 1990), in dental and joint implants, probing of DNA
structure (Mahtab et al., 1995), fluorescent biological labels (Bruchez et al., 1998),
anti-bacterial material and immune system stimulant (Wang et al., 2002), for the
detection of proteins, manipulation of biomolecules (Nam et al., 2003), targeted
drug and gene delivery, drug discovery, adjuvant in chemotherapy, stem cell
therapy, antioxidant in traumatic conditions, treatment of tumours, separation and
purification of biomolecules (Salata, 2004). Applications of nanoparticles in
electronics and energy includes photocatalyst, semiconductors, fuel cells, batteries,
photovoltaic devices, storage devices in cell phones and computers, sensors, optical
devices, power plants, solar cells, biofuels and artificial photosynthesis.

Nanoparticles have been used in numerous consumer products including
cosmetics, paints, enamels, cleaning agents like detergents and soaps,
pharmaceuticals, food products and preservatives, coating for self cleaning surfaces,
textiles and clothing. In the environmental point of view, nanoparticles are used in
the disinfection processes, photocatalysis and removal of organic pollutants, heavy

metals, pathogens in water, phytoremediation and stabilization of the soil, treatment



of greenhouse gases, volatile organic compounds, and bioaerosols in air (Ibrahim et
al., 2016).

1.7 Nanoparticles in the environment

Above and beyond the applications of nanoparticles, there are many hazards
for the environment right from the production site to the disposal of particles. Thus
along with promoting the use and benefits of nanoparticles in various fields, proper
measure should be taken to ensure that no harmful effects result from the use of
nanoparticles. Nanoparticles can enter into the environment in three possible
scenarios such as release during production of raw material and nano-enabled
products, release during use, and discharge from untreated wastewater effluents
(Tolaymat et al., 2017). Direct or indirect emissions from the wastewater treatment
plants discharge nanoparticles into the environmental compartments, mainly on soil,
landfills, sediments, air and groundwater. Some of the nanoparticles undergo
aggregation leading to the increased concentration in groundwater and soil. Global
estimation of nanoparticles discharge have reported as 63-91% in the landfills
followed by 8-25% in soil and 7% and 1.5% in aquatic environment and air,
respectively (Keller et al., 2013).

Risk assessment of nanoparticles in the environment mainly based upon the
reactivity, mobility, ecotoxicity and persistent nature of the particles. Detection of
environmental concentrations of nanoparticles in the natural ecosystem can be
measured by several analytical methods and computational modeling. Concentration
and size of metal-based nanoparticles can be determined by single particle
inductively coupled plasma mass spectrometry or fractionation technique in
combination with light scattering and elemental detection (Philippe and Schaumann,
2014). Nanoparticles evade most of natural barriers and may turn even reserved rare
elements into ubiquitous ones. Prolonged exposure of organisms to nanoparticles
may potentially lead to unforeseen health and environmental hazards. The organisms
like algae, fungi, plants, prokaryotes, planktons etc., which are included in the
primary consumer groups that interact immediately with the environment are the
primary targets of nanoparticles exposure. Bioaccumulation of nanoparticles inside

the body of the primary consumers enables the trophic transfer of nanoparticles
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through the food chain and finally results in biomagnifications in higher organisms,
including human (Cedervall et al., 2012).

1.8 Effects of nanoparticles in human

Although nanoparticles bring significant benefit to industry and consumers,
it also creates potential health hazards to humans. Nanoparticles find way into
human through several routes such as dermal, food, inhalation, and ingestion.
Nanoparticles penetrate into the human skin by two possible mechanisms namely
intercellular transepidermal mechanism or through simple diffusion on skin pores
and hair cavities (Bennat and Muller-Goymann, 2000). Dermal exposure of
nanoparticles mainly occurs in therapeutics, personal care products, occupational
exposure, contact with medical devices or during clinical procedures (Borm and
Kreyling, 2004). The main route of entry of nano-sized particles into the gut of
human is through food and are translocated to different organs and tissues, leading
to severe health effects such as oxidative damage and inflammatory reactions
(Donaldson et al., 2004).

Many millions of organic and inorganic nanoparticles are inhaled and
ingested by humans every day through food and drinking water. It was estimated
that in every breathe people inhale around 10 million nanometre scale particles, and
even many traditional foods such as dairy products are known to contain naturally
occurring nanoparticles mainly as protein structures (Bouwmeester et al., 2009).
Many studies have suggested that nanoparticles are more toxic than the equivalent
bulk material of the same substance. This was evident by several adverse effects of
nanoparticles on human such as antioxidant depletion and formation of free radicals,
loss of cell viability, pro-inflammatory response, tumour formation, skin irritation,
mutagenicity, genotoxicity and so on (Handy and Shaw, 2007). For instance,
titanium dioxide nanoparticles induced oxidative stress and cellular damage
followed by indirect induction of genotoxicity in human lung cells (Bhattacharya et
al., 2009).

Nanoparticles exposure resulted in cytotoxicity by the induction of oxidative
stress and DNA adduct formation in embryonic kidney cells (Wang et al., 2009),
human lymphoblast and embryonic epithelial cells (Magdolenova et al., 2012). The
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ability of nanoparticles to cross the blood-brain barrier is one of the advantageous in
the pharmaceutical formulations, but simultaneously nanoparticles exert brain
toxicity due to the surface charge modification (Lockman et al., 2004). Reduction in
mitochondrial activity along with the induction of cytotoxic and genotoxic responses
were observed in human erythrocytes and lymphocytes (Ghosh et al., 2013).
However, the systemic toxicity of nanoparticles including acute and chronic toxicity
and the consequences to human health is still limited, and only the cell line studies
are available to extrapolate the results in human model. As human beings are at the
top of food chain as the ultimate consumers, toxicants may enter through food or
water as there is always a high chance of biomagnification. Among the aquatic food,
freshwater fish forms an important part of diet to humans around the world.
According to the handbook of Fishery Statistics 2014, in India, Kerala occupies third
position in fish consumption where rural areas consume about 2.1 kg of fish per
month and 1.9 kg of fish was consumed by urban area people. Thus any level of
contamination that affects the fish population also known to cause significant effects

on humans.

1.9  Nanoparticles in the aquatic ecosystem

Direct applications of nanoparticles to aquatic environment for remediation,
direct disposal from point and non-point sources, accidental and unintentional
spillage are the major routes for the entry of nanoparticles into the aquatic
ecosystem. Besides, some, airborne nanoparticles also settle in terrestrial and aquatic
ecosystem by wet deposition and gravitational settling. Run-off and leach out from
contaminated terrestrial ecosystem could also be a significant source of water
contamination (MacCormack and Goss, 2008). In aquatic ecosystem, they may settle
in sediments or form dispersions with water, and undergo reactions and
modifications with other organic and inorganic materials that are already present in
water. The fate of nanoparticles in aquatic ecosystems depends on several properties
such as agglomeration and aggregation, dissolution, redox reactions and
transformation into new solid phases (Nowack and Bucheli, 2007). Nanoparticles
are only weakly bound by agglomeration, whereas aggregation forms strong

chemical bonds between particles (Jiang et al.,, 2009). Agglomeration of
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nanoparticles can be determined by the medium composition, mostly at low pH,
high ionic strength and the concentration of natural organic matter.

Solubility, stability and penetrance are the other factors responsible for the
induction of toxicity in the aquatic organisms. Bioavailability is one of the important
properties of nanoparticles that enable to modify the characteristics according to the
surroundings. Engineered nanoparticles are bioavailable, and thus responsible for
the induction of toxic responses in aquatic organisms (Johnston et al., 2010; Behra
et al., 2013). Nanoparticles toxicity in aquatic ecosystems are affected by salinity,
water chemistry, dissolved oxygen matter and ionic strength of water, which in turn
affect the stability of nanoparticles dispersion, sedimentation processes and final
size of nanoparticles aggregates (Brunelli et al., 2013). In the aquatic ecosystem,
organisms uptake the nanoparticles by two principal steps namely first by the uptake
through environment-organism barrier, and second by translocation through the

barrier tissue into the organism from where the internal distribution can prevail.

1.10 Effects of nanoparticles in aquatic organisms

Nanoparticles limit its accessibility in aquatic organisms to some extent due
to the unique property of aggregation and poor water solubility (Maynard et al.,
2004). However, the occurrence and toxicity of nanoparticles inside the body of
aquatic animals was reported in many studies suggesting the exceptional physico-
chemical properties that facilitate for internalisation. However, studies using
engineered nanoparticles in laboratory conditions have shown that nanoparticles are
bioavailable and get bioaccumulated which then transferred from one trophic level
to another (Pakrashi et al., 2014). Adequate toxicity studies have evaluated the
adverse effects of nanoparticles in different aquatic animal models ranging from
invertebrates to vertebrates. In invertebrates, the most studied species was Daphnia
magna, the crustacean, due to its feeding traits, general behavioural habits and
position in food chain that forms an immediate food source for fish, which recognise
as a relevant test organism (Baun et al., 2008a). Daphnia magna is a filter-feeder
where it filters water to catch algae in the size ranging between 0.4 and 40 um where
along with algae nanoparticles of size 0.4-40 um also get ingested into the organism

(Baun et al., 2008b). Similar to Daphnia magna there are several other aquatic

13



invertebrates that ingest nanoparticles from water or sediments through multiple
routes of exposure.

Functionalization and uptake of nanoparticles in fish is very important as it
occupies the higher trophic level as a secondary consumer, and also as targeted
model organism in aquatic ecosystem. Nanoparticles get accumulated in the food
web through trophic transfer and the health hazards reported in fishes are remarkable
(Gottschalk et al., 2009). Uptake of nanoparticles in fish occurs through multiple
routes such as by gill, engulping of water, dermal uptake and diet (Handy et al.,
2008). Trophic transfer of nanoparticles demonstrated more adverse toxic effects at
higher level consumers than that of primary consumers showing biomagnifications
of particles at each trophic level (Schwarzenbach et al., 2002).

1.11  Selected nanoparticles for the toxicity tests

The present study focussed on four different nanoparticles namely three
metal oxide nanoparticles - aluminium oxide (Al,O3-NPs), iron oxide (Fe3O4-NPs)
and titanium dioxide (TiO,-NPs), and the metalloid nanoparticles - silicon dioxide
(SiO,-NPs). Metal oxide nanoparticles have exceptional properties as they exhibit
better durability, higher stability and selectivity, and also possess remarkable
applications in drug delivery, diagnosis, water treatment, catalysis, semiconductors,
cosmetics, sensing and solid oxide fuels (Corr, 2013). Metalloid nanoparticles
possess characteristics of mixture of metals and non-metals, and have various
biological effects on cells and tissues. All the nanoparticles selected are recognised
as man-made and intentionally produced nanoparticles that could cause severe
impact on the aquatic ecosystems. The properties and significance of the selected

nanoparticles are discussed below:

1.11.1 Aluminium oxide nanoparticles (Al,O3-NPs)

Molecular formula Al,O;
Molecular weight : 101.96 g/mol
Purity : 99.2%

Size : 20-30 nm
CAS No. : 1344-28-1
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Among the engineered nanoparticles, metal oxide nanoparticles have many
important applications in various fields and are produced in large scales. Al,O3-NPs
are most abundantly produced that account for about 20% of world production
(Rittner, 2002). It is commonly called as nano-alumina and naturally occurs as
crystalline corundum, which is widely used in jewellery and ornament industry.
Engineered Al,O3-NPs are used as chemosensors, adsorbent in chromatography and
removal of hydrocarbons impurities from air, sorbent in nuclear power plant,
abrasive for polishing optics and jewellery, catalyst in chemical reactions, polymer
modification, waste water treatment, biosensors, biofiltration, heat transfer fluids,
nanoenergetics, diesel fuel additive and so on (Colvin, 2003; Prakash et al., 2011).

1.11.2 Iron oxide nanoparticles (Fe3O4-NPs)

Molecular formula Fes04
Molecular weight : 231.53 g/mol
Purity : 97%

Size : 50-100 nm
CAS No. : 1317-61-9

Iron oxide nanoparticles was selected in the study mainly for two reasons:
First, it occurs in the natural environment as a result of volcanic eruption, forest fire
and so forth where it exist in different forms such as magnetite (Fe3O,), hematite (a-
Fe,03), B-Fe 03, maghemite (y-Fe;03), e-Fe,O3 and wustite (FeO). Second reason
which attracted to the study is due to the unique properties such as
superparamagnetism, greater surface area, surface-to-volume ratio, and
bioengineering, industrial and commercial applications. The main applications
include magnetic resonance imaging, gene and drug delivery, hyperthermia,
molecular imaging, in vitro bioseparation, cellular labelling, protein immobilization,
removal of metals from aqueous solutions and environmental remediation (Sun et
al., 2016). As the iron oxide nanoparticles are persistent in nature, they may enter
into aquatic ecosystem as effluents from wastewater treatment plants, spillage
during production, transportation and usage, and deposition from air (Garner and
Keller, 2014).
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1.11.3 Silicon dioxide nanoparticles (SiO2-NPs)

Molecular formula SiO,
Molecular weight : 60.08 g/mol
Purity : 99%

Size : <100nm
CAS No. : 7631-86-9

Silicon dioxide nanoparticles are commonly known as nano-silica, which
exists in two forms namely crystalline and amorphous. Quartz and porosil are the
best examples for crystalline silica, in which quartz may be natural or manmade, but
porosil is completely manmade. Amorphous silica can be natural resembling opal
and silica glass or manmade. SiO,-NPs are synthesized in large scale for various
biomedical and industrial applications including targeted drug and gene delivery,
biosensors, cancer therapy, enzyme immobilization and in nano-agroproducts (Barik
et al., 2008). SiO,-NPs attracted great attention in the present study for the wider
plausible applications in nanomedicine, polishing, varnish, cosmetic and food
industries. However, the targeted as well as the passive exposure to nanoparticles
also reported to have undesirable biological and toxicological responses in
organisms (Oberdorster et al., 2005). The toxicity, tissue distribution, metabolism,
mode of action and excretion of SiO,-NPs depends on the route, duration, size,

solubility and reactivity of nanoparticles (Kim et al., 2015).

1.11.4 Titanium dioxide nanoparticles (TiO,-NPs)

Molecular formula TiO;
Molecular weight : 79.87 g/mol
Purity : 99.5%

Size ; < 100nm
CAS No. : 13463-67-7

TiO,-NPs is the one among the most discussed nanoparticles in recent
nanotoxicological research, which exist as both natural and manmade nanoparticles.
Naturally, TiO,-NPs exist as ores and minerals in three forms called anatase, rutile
and brookite. Manmade nanoparticles are more reactive in biological system as it is

engineered for several targeted uses (Sharma, 2009). It is widely used in various
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consumer goods and products of daily use such as cosmetics, dispersion paints, dyes
and varnishes, textiles, toothpaste and drugs, paper and plastics, food additives,
wood preservatives and even as photocatalyst. Earlier TiO,-NPs have been used as
negative control and considered as non-toxic in both in vitro and in vivo
toxicological studies. However, the concept was challenged by numerous toxic
reports addressed in various cell lines, mammalian models, aquatic invertebrates,
fish and other vertebrates. Wide range of applications confers suspected
environmental release and possible potential health risk to humans, live-stocks and
the entire ecosystem. The present study was also focused to evaluate the adverse
effects of TiO,-NPs in the exposed fish at sublethal concentration.

1.12  Fish as model organism

Model organisms are non-human species widely bred and maintained in
laboratory condition, having particular experimental advantages to understand
biological processes (Hunter, 2008). For the past few decades, fish is widely used as
ecotoxicological model, as it is sensitive and respond to diverse groups of
contaminants in the aquatic ecosystem (Naigaga et al., 2011). Range of fish model
systems includes zebrafish, rainbow trout, cod, Atlantic salmon, Killi fish, puffer fish
and several others. Since 1950s, zebrafish has been used as toxicological model to
study carcinogenesis, developmental biology and genetics. It is followed by
Medaka, rainbow trout and fathead minnow, among which, the latter was chosen by
the Environmental Protection Agency for standardized tests of acute, chronic, early-
life, life cycle and endocrine system toxicity as a valuable model (Ballatori and
Villalobos, 2002). Nowadays, fish models are widely accepted in toxicology but still
a question of why the use of fish models when there are sufficient and perfect rodent
models arise among a very few researchers in toxicology. Thus it is noteworthy to
justify the response before any ecotoxicological research was conducted in fish
models.

One of the reasons are fish occupy an important place in human food chain,
so any negative effects on fish population may directly influence the human as well
as other depending organisms and the entire ecosystem. Another advantage of fish

model is the high rate of fecundity, easy handling and well-described immune,
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nervous, endocrine, circulatory and osmoregulatory systems (Song et al., 2012).
Moreover, fishes are exposed to mixtures of chemicals in the natural environment,
therefore, effects of multiple chemicals on laboratory study seems more reliable in
fish model system. More recently, tilapian fishes substitute other freshwater fishes
as toxicological model. In the present study a tilapian fish, Oreochromis
mossambicus is used as model organism in studying the toxicological effects of

nanoparticles.

1.12.1 Oreochromis mossambicus (Peters, 1852) — an ideal model
Classification:

Kingdom : Animalia
Phylum : Chordata
Subphylum Vertebrata
Class : Pisces

Subclass : Teleostomi
Super order Acanthopterygii
Order : Perciformes
Family : Cichlidae
Subfamily : Pseudocrenilabrinae
Tribe : Tilapiini

Genus : Oreochromis
Species : mossambicus

Oreochromis mossambicus is an important invasive species commonly called
as Tilapia, native to southern Africa, the Mediterranean, and the Middle East.
Tilapia is well recognized as capture fish and culture fish, as they occupy ninth
position as an important aquaculture species worldwide, which are also widely
introduced to several tropical and subtropical countries. Tilapia can be cultured in
either fresh or salt water in tropical and subtropical climates mainly for its nutritious
flesh. Tilapia is the second most important group of wild-captured fish, after carps,
with a global capture and harvest reaching 769,936 metric tonnes from 2007. In

many countries, it was cultured to control mosquitoes, which then compete with the
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native species for food and space, and eventually become the most abundant species
of that region.

The body of tilapia are laterally compressed with long dorsal fins, and their
robust nature helps them to survive in slow flowing as well as in fast flowing water
bodies. They are generally considered as freshwater species, but can tolerate salinity
up to 25 ppt so that also inhabit in brackish water (Suresh and Lin, 1992). Tilapia are
omnivorous and filter feeder, where it consume variety of food ranging from small
algae and diatoms to small invertebrates, eggs and fries of other fish and rooted
plants (Fryer and lles, 1972). Tilapian fish exhibit cannibalism on overcrowding
with the same or different species in order to meet their nutritional requirements.
They exhibit high parental care and are recognized as maternal mouth brooders
where male excavate nest during spawning and attract female towards the nest in
which the female lay her eggs. The male fertilizes the egg and female carry the eggs
in her mouth in expense of her health and fitness. The male guards the nest and this
high level of parental care and social organization are critical behind the
reproductive success and invasive tendencies.

Tilapia is a rich source of protein, phosphorus, potassium, selenium, niacin,
vitamin B-12, omega-3 fatty acids, and low in saturated fat, calories, carbohydrates
and sodium. Tilapia is known to resist diversity of pollutants in the natural
ecosystem hence it is widely used as model organism to monitor the sublethal
effects of diverse environmental contaminants. The present ecotoxicological study
used Oreochromis mossambicus as an ideal model for studying effects of
nanoparticles using several endpoints such as acute toxicity, antioxidant defense

system, histopathological changes and genotoxicity in laboratory condition.

1.13  Acute toxicity studies

Toxic potential of any toxicant, either natural or synthetic, can be determined
by various toxicity evaluation tests. Organization of Economic Co-operation and
Development (OECD), an international agency, design, standardize and approve all
toxicity evaluation procedures. OECD has several guidelines for testing the toxicity
endpoints in terrestrial and aquatic organisms either in time-response or dose-

response manner. Acute, sub-acute and chronic toxicity are the commonly
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performed methods for determining the toxic responses of organisms. Acute toxicity
is the preliminary test carried out for the initial screening of toxicity of an unknown
chemical (Lorke, 1983). Acute toxicity provides the immediate effects, hazards and
lethality of chemicals to the test animal either exposed in a single dose or in multiple
doses. Commonly used acute toxicity indices as per OECD guidelines are median
lethal dose (LDsp) and median lethal concentration (LCsp). LDso and LCsp are the
values that indicate the amount of toxicant required to kill half (50%) of the test
population at specific period of time, usually 96 h (Finney, 1971). In case of
terrestrial animals, LDso is commonly used for determining toxicity in which the
definite dose of chemical or toxicant is administered to the test animal by several
modes such as dermal, injection, oral or nasal applications. In this case, amount of
toxicant given to the test animal is known and are expressed as dose in microgram or
milligram per kilogram body weight.

In some terrestrial animals and aquatic animals, acute toxicity is also
determined by median lethal concentration, LCsp in which the test animals are
exposed to toxicant-mixed medium (Brungs and Mount, 1978). In case of LCs the
amount of chemical taken by the animals remains unknown and the concentration
present in the medium can only be acknowledged. The LCs, values are usually
expressed as microgram/ litre (ppb) or milligram/ litre (ppm). LCso values and
toxicity are inversely proportional, which means lower the LCsy value for a tested
chemical represent higher toxicity to the test animal. Besides LDspand LCs, other
indices used for determining acute toxicity are median effective dose (EDsp), median
effective concentration (ECso) and no observed effect level (NOEL). EDso/ ECsy is
the dose or concentration of a chemical required to elicit effective toxic responses in
half (50%) of the tested population (Holt et al., 2002). NOEL is the exposure level
of compounds which does not exhibit any statistically or biologically significant
toxic responses in the exposed groups when compared to the unexposed control
groups (Dorato and Engelhardt, 2005). Acute toxicity data are commonly used to
find the lethal or responsive dose of a compound from which the sublethal dose can
be selected for further toxicological studies. Chronic toxicity studies make use of
sublethal concentration of toxicant exposed for long-term durations. Acute toxicity

usually result in sudden responses as death or lethality and immobilization, but the
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endpoints of chronic exposure include changes in growth, behaviour, reproduction,
and development of pathological symptoms, loss of function of organs and even
carcinogenesis (Pope et al., 2002).

1.14  Objectives of the study
In the present study both short-term and long-term effects of selected

nanoparticles are evaluated at sublethal concentration of selected nanoparticles. The

objectives selected for present study steadily followed the approved guidelines for
fish acute toxicity, OECD-203 (OECD, 1992) and the objectives are as follows:

1. To study the effects of selected nanoparticles on the antioxidant status and
lipid peroxidation in gill, liver and brain tissues of the freshwater fish,
Oreochromis mossambicus.

2. To assess the histopathological changes induced by the selected
nanoparticles.

3. To evaluate the genotoxic potential of the selected nanoparticles in the fish.

The above objectives are discussed in different chapters as follows:

Chapter 2: Impact of the selected nanoparticles on the antioxidant defense
system of the fish, Oreochromis mossambicus.

Chapter 3: Histopathological changes in the fish, Oreochromis mossambicus
exposed to the selected nanoparticles.

Chapter 4: Evaluation of genotoxic potential of the selected nanoparticles.
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There is an increasing concern that anthropogenic materials released from
domestic, urban, agricultural and industrial byproducts into aquatic bodies without
any safety measures raise risk of health hazards in aquatic organisms. Recently,
advances in nanotechnology resulted in the continuous deposition of nanoparticles
into the environment, which was being newly added in the list of environmental
pollutant that deserve special attention. An alarming fact that concerns
ecotoxicologists are the production of engineered nanoparticles has been expected to
rise by 58,000 tons during 2011-2020 (Maynard, 2006). In order to extrapolate the
existing toxicological data on the unexplored nanoparticles, comprehensive reviews
on toxicological classification and adverse effects of the nano-scale products on
organisms is necessary. Lack of data on the toxicological studies of nanoparticles in
the biological system has made researcher to pave great attention in the area of
nanotoxicological research. Some of the nanoparticles are known to occur in nature,
while others are the engineered nanoparticles. Both natural and engineered
nanoparticles have been released continuously into various environmental
compartments as soil, air, water and sediments. Accumulation of nanoparticles has
been documented in some non-targeted aquatic organisms such as blue green algae,
fish and other aquatic vertebrates (Navarro et al., 2008; Handy et al., 2008)

The ability of nanoparticles to spread in the environment or penetrate into the
organisms depends on its unique structure and modification. Moreover,
nanoparticles have been shown to be more toxic than its equivalent micron-sized
particle at similar doses or concentrations (Colvin, 2003). The mechanism for
cellular entry of nanoparticles follow three routes namely endocytosis, diffusion and
through ion channels. Nano-sized particles have been reported to cross the cell
membrane by receptor mediated endocytosis, the process by which the transport of
materials across the membrane as cargo enveloping inside lipid bilayer forming a
vesicle (Chan and Nie, 1998). Diffusion is the mechanisms by which nanoparticles
enter into cell passively across the cell membrane and the peculiar properties of
nanoparticles have been known to undergo diffusion (Verma et al., 2008; Nel et al.,
2009). Entry of nanoparticles into the cell by the ion channels mediated through
receptor proteins occurs for a certain extent. In case of prokaryotes, like bacteria,

lack structures for the bulk transport of supramolecular and colloidal particles across
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the cell wall and thus the entry of nanoparticles occur by simple diffusion (Torchilin,
2009). In aquatic animals, the routes of entry of nanoparticles are known to occur
through ingestion, direct passage across gills and external surface epithelia
(Dowling, 2004; Warheit, 2004). Several experiments on the toxicity of engineered
nanoparticles have been demonstrated in aquatic organisms.

There are a number of methodologies adopted to evaluate the complex issues
of nanoparticles in the environment and the organisms. The Organization for
Economic Co-operation and Development (OECD) along with other national and
international organization had developed guidelines to investigate the impact of
nanoparticles on the environment and health. Acute toxicity test is one of the most
widely accepted protocols for determining the toxic potential of any substances,
including nanoparticles, on any organisms (Finney, 1971). Most of the acute toxicity
studies conducted determines the effects of a single toxicant on an animal in order to
address the toxicity of that particular test substance. Acute toxicity tests follow an
unusual protocol in which repeated dose toxicity with the predetermined doses of
test substances was conducted sequentially with an interval of 24 h of dosing
between subsequent groups so as to reduce the use of number of animals (Gad,
2014). Another remarkable aspect of acute toxicity studies has been illustrated by
sustaining the animal without food prior to dosing, which allows maintaining the
dose of test chemical within the body of organisms so as to make biochemical or
functional balance to the exposed animal (Weingand et al., 1996). The results of
well-designed acute toxicity study serve to determine the serious toxicological
effects of the compound because it determines mortality as the endpoint.

The toxicity of nanoparticles depends on physical and chemical
characteristics, in particular, chemical composition such as diameter and shape, high
area or surface ratio, and the possible state of aggregation or agglomeration (Nel et
al., 2006). The toxic responses of nanoparticles has been extensively studied in rat
models, however, acute toxicity studies in mammalian models remains scanty.
Acute toxicity of copper nanoparticles of 23.5 nm size has reported 413 mg/ kg as
the LDsp value in mice along with other adverse effects such as heavy injuries on
kidney, spleen and liver tissues thereby discussed that the large surface area,

ultrahigh reactivity, exceeding consumption of hydrogen ion as the cause of grave
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nanotoxicity (Chen et al., 2006). Administration of nano-sized titanium dioxide
particles of 25 and 80 nm sizes has reported no obvious acute toxicity in adult mice,
however, a fixed large dose of 5 g/ kg body weight has been shown to undergo
massive effects on serum biochemical parameters and also showed biodistribution in
liver, spleen, kidney and lung tissues (Wang et al., 2007). Median lethal dose or
LDso-24 h of silica nanoparticles of 20 and 50 nm size has been observed as 80.2 ug/
ml and 140.3 pg/ ml, respectively in human embryonic kidney cells (Wang et al.,
2009). Besides the acute toxicity tests of nanoparticles in rodents, in one of the in
vitro studies of silica nanoparticles with 15 and 30 nm size treated on HaCaT cells
has demonstrated 50 percent inhibition in cell growth (ICsp) values as 23 and 27.3
Kg/ ml, respectively (Yang et al., 2010). Thus several mammalian in vivo and in
vitro studies conducted in laboratory established that the engineered nanomaterials
have been shown to cause a wide variety of toxic effects.

The toxicity of nanoparticles has been reported in aquatic organisms. In the
green algae, Desmodesmus subspicatus the concentration-effect relationship of
titanium dioxide nanoparticles of 25 nm size has been reported as 40 mg/ L, which
was size-dependent where the large particles of 100 nm size were found to be less
toxic (Hund-Rinke and Simon, 2006). Nanoparticles exposure has been associated to
induce ecological imbalance, which was evident by the toxicity of double-walled
nanotubes on earthworm, Eisenia veneta by impairing nutrient and reproductive
cycle (Scott-Fordsmand et al., 2008). The bioaccumulation and acute toxicity has
been reported in Chlamydomonas reinhardtii, green alga, and Daphnia magna
treated with zinc oxide nanoparticles and fullerene Cego even at the low concentration
of 1ppm (Luo, 2007). Nanosilver and nanocopper has been shown to cause toxicity
in aquatic organisms as zebrafish, daphnids, and an algal species with 48-h median
lethal concentrations as low as 40 and 60 ug/ L, respectively, in Daphnia pulex
adults, whereas titanium dioxide did not caused toxicity in any of the tests. The
study confirmed that the susceptibility to nanometal toxicity has been shown to
differ among species, where the filter-feeding invertebrates being markedly more
susceptible to nanometal exposure when compared with zebrafish (Griffitt et al.,
2008).
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The acute toxicity of nano-sized titanium dioxide, boron nanoparticles, and
two types of aluminum nanoparticles namely ALEX and L-ALEX has been
evaluated using Microtox toxicity test and the acute toxicity test with Daphnia
magna reported titanium dioxide with low toxicity. However, 50% effective
concentration (ECsp) of boron nanoparticles has reported to range between 56 to 66
mg/ L and classified as harmful to aquatic microorganisms than that of titanium
dioxide and boron nanoparticles (Strigul et al., 2009). Nanoparticles once when
entered into the aquatic environment has been known to cause harmful effects on
aquatic organisms, including fish (Owen and Depledge, 2005). Nanoparticles have
been shown to enter into the fish mainly through the epithelial surfaces such as gills
and skin, or by direct ingestion through engulping of water (Moore et al., 2006). In
an ecological perspective, nanoparticles have the ability to bioaccumulate in
organisms and undergo biomagnifications through different trophic levels so as it
readily reaches human (EPA, 2007). The environmental concentrations of
nanoparticles has been estimated around 10” to 10" pg/ L concentrations for surface
waters and the concentrations of 10 to 10* pg/ L for aquatic sediments and the
predicted concentrations are expected to increase based on the continuous discharge
(Gottschalk et al., 2009).

Acute toxicity of copper nanoparticles in zebrafish for 48 h has been
determined as 1.5 mg/ L where rapid aggregation of nanoparticles have been
observed after suspension in water producing different histological changes and
patterns of gene expression in the gill tissue (Griffitt et al., 2007). LCso value of
nanosilver for 48 h in zebrafish has been reported as 7.07 mg/ L concentration
(Griffitt et al., 2008). Titanium dioxide nanoparticles exposed to rainbow trout for
14 days showed no haematological disturbances, however, erosion on the intestinal
epithelium and respiratory distress has been reported (Federici et al., 2007). In
another study, dietary exposure of titanium dioxide nanoparticles at 10 and 100 mg/
kg doses for 8 weeks has been observed with particle accumulation in gill, liver, gut,
brain, and spleen without affecting the growth rate and haematological parameters
(Ramsden et al., 2009). Median lethal concentration of silver nanoparticles for 24 h
in zebrafish has been reported as 250 mg/ L showing induction of oxidative stress

and apoptosis in the liver tissue (Choi et al., 2010).
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The acute toxicity of nano-silver, 81 nm size observed for 48 h in zebrafish
under static renewal study has reported median lethal concentration or LCsy value
for nano-silver and silver ions as 84 and 25 pg/ L, respectively. The observations
also revealed the increased rate of operculum movement and surface respiration after
nanoparticles exposure thereby suggested respiratory toxicity in zebrafish (Bilberg
et al., 2012). A comprehensive study on the acute toxicity of 31 different
nanoparticles has been conducted in adulthood and early life stages of zebrafish,
Danio rerio using evaluation of 48 h and 96 h LCsg values. The report suggested that
six kinds of nanoparticles such as calcium oxide, copper, magnesium oxide, copper
in the form of oxide, copper zinc iron oxide, and nickel resulted in cumulative
mortality. However, acutely toxicity or LCso value of copper nanoparticles in
zebrafish has been observed as 1-1.5 mg/ L concentrations whereas the toxicity of
aluminium, cobalt and titanium dioxide nanoparticles was comparatively less to
adult zebrafish. The study also revealed that 48 h and 96 h lethal concentration or
LCso values of nanosilver as 2.9 mg/ L (Kovriznych et al., 2013). Administration of
titanium dioxide nanoparticles of 10-30 nm size at waterborne levels of 10 and 100
mg/ L concentrations has been shown to increase the uptake and organ level
accumulation of nanoparticles in gold fish, Carrasius auratus as evidenced by
impaired growth, metabolism and physiology (Ates et al., 2013). Similarly, fish
exposed to 2.5, 5, 7.5, 10, 12.5 mg/ L concentrations of nano-titanium dioxide has
been shown to exhibit respiratory damage as well as depletion in total protein and
glycogen in zebrafish (Vutukuru et al., 2013).

Nano-silicon dioxide of 15 and 50 nm size exposed at concentration gradient
of 50, 200, 350, 500, 650, 800 and 1000 g/ ml for 3 days showed lowest observed
effect concentration (LOEC) of 15 nm sized nanoparticles at 350 pg/ ml and for 50
nm it was 650 pg/ ml, which has been proved by analyzing the behavioural patterns
such as the rest total, rest bout length, total activity and waking activity in the larvae
of zebrafish (Xue et al., 2013). The size of silicon dioxide nanoparticles between 68
and 100 nm has demonstrated the median lethal concentration (LCs0-96 h) as 50 mg/
L and at sublethal concentrations altered antioxidant enzyme level and induced
DNA damage in the fish, Danio rerio (Ramesh et al., 2013). The 24, 48, 72 and 96 h

median lethal concentration (LCsp) values of silver nanoparticles of 61 nm particle
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size for silver carp has been estimated at 0.810, 0.648, 0.383 and 0.202 mg/ L,
respectively and 20% and 10% of the 96-h LCso values resulted in erythrocyte
reduction, hematological disturbances, leucocytosis and stress response in silver
carp, Hypophthalmichthys molitrix (Shaluei et al., 2013). In one of the studies, silver
nanoparticles were prepared differently, one was freshly prepared and the other used
was aged nanoparticles, which has been exposed to the embryos of Japanese
medaka. The study reported that the aged silver nanoparticles exhibited more toxic
effects since the LCso value observed was 1.44 mg/ L than the freshly prepared
nanoparticles having 3.53 mg/ L as the median lethal concentration. The study
further confirmed that the acute toxicity of aged silver nanoparticles was due to the
release of silver ions as established by kinetic analysis (Kim et al., 2013). Different
shaped zinc oxide nanoparticles such as nanospheres, nanosticks, cuboidal
submicron particles has been shown to exhibit the median lethal concentrations at a
range of 7.1 to 11.9 mg/ L and the median effective concentration ranged between 1
and 2.2 mg/ L where the nanosticks of zinc oxide has been regarded as more toxic as
revealed by high mortality and hatching inhibition in the embryos of zebrafish,
Danio rerio (Hua et al., 2014). For the assessment of iron oxide nanoparticles
toxicity, different concentrations ranged from 2, 10, 100, 250, 500, 750 and 1000
ppm exposed to Labeo rohita has accounted 50% mortality at 500 ppm
concentration and its chronic exposure resulted in altered haematological, ion
regulatory and gill Na+/ K+ activity in the fish (Remya et al., 2014).

Silver nanoparticles and silver nanowires are basically synthesized from
silver element but the toxic effects of nanoparticles has been shown to vary among
different aquatic organisms as fish, Daphnia and algae thus categorizing
nanoparticles as acute 1 for Daphnia magna and Raphidocelis subcapitata, acute 2
for Oryzias latipes whereas nanowires has been categorized as acute 1 for Daphnia
magna, acute 2 for Oryzias latipes and Raphidocelis subcapitata (Sohn et al., 2015).
Acute toxicity of spherical 50 nm sized copper nanoparticles demonstrated the
lowest observed effect concentration values as 0.17, 0.023 and less than 0.023 mg/ L
in three freshwater fishes namely rainbow trout, fathead minnow and zebrafish,
respectively, and the study also reported that the fate of the nanoparticles was

temperature-dependent (Song et al., 2015). Larvae of zebrafish when exposed to
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different concentrations of newly engineered nanoparticles namely nano-titanium
dioxide on gold nanoparticles (TiO2/Au) and nano-gold coated titanium dioxide
nanoparticles (Au/TiO,) showed neither mortality nor sublethal effects in the fish
embryo toxicity test which was evidenced by several endpoints such as viability,
larval growth, brain morphology, pharyngeal arches and jaw, other craniofacial
structures, heart, fins, notochord, somites, tail, body shape, cardiovascular function,
yolk sac and locomotor function and touch response (Brundo et al., 2016).
Assessment of 96 h median lethal concentration of iron oxide nanoparticles in Labeo
rohita at the concentrations of 100, 1500 and 3000 ppm for four days showed LCs
value as 3000 ppm, and its sublethal concentrations altered haematological
parameters and decreased serum total protein, carbohydrate and lipids (Keerthika et
al., 2017).

Bioavailability of silver nanoparticles by exposure through different routes
has revealed waterborne exposure of the test chemical resulted in high
concentrations on gill tissue. The study also revealed that the bioavailability
remained high in the gastrointestinal tract on dietary exposure consequently proving
short lifetime of silver nanoparticles in water which then get transferred to sediment,
feed, or sediment-dwelling food sources such as larvae and worms thereby making
diet as a significant long-term exposure route (Kleiven et al., 2018). Synthesis of
biogenic silver nanoparticles using infusion of the extracts of Althaea officinalis as
reducing agent has been reported as more toxic than those synthesized by the
infusion of roots of the plant thereby proved the toxicity of nanoparticles in the
juvenile zebrafish, Danio rerio (Rheder et al., 2018). Acute and transgenerational
effects of zinc oxide nanoparticles have been studied in the nervous and vascular
systems of zebrafish reporting the persistent neurotoxic effects from one generation
to the next, however, the effects has been known to be mitigated by the dissolved

organic material (Kteeba et al., 2018)
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Materials and Methods




3.1  Characterization of test chemicals

Aluminium oxide nanoparticles - Al,O3NPs (Cat. No: 0140408) and silicon
dioxide nanoparticles - SiO,NPs (Cat. No: 1940323) were obtained from SISCO
Research Laboratory (SRL), India. Titanium dioxide nanoparticles - TiO,NPs (titanium-
IV oxide, mix of anatase and rutile, Cat. No. 634662) and iron oxide nanoparticles -
Fe3O4NPs (Cat. No. 637106) were obtained from Sigma Aldrich, Germany. The purity
of the selected nanoparticles was confirmed using X-ray diffraction (XRD- Rigaku
Miniflux) and the average particle size was calculated using Scherrer’s formula. The
size and crystalline structure were confirmed using High Resolution Transmission
Electron Microscope (HR-TEM- Jeol/JEM 2100) having resolution point 0.23 nm and
lattice 0.14 nm at magnification 2000 X-1500000 X. The nanodispersions were
prepared just before the exposure by ultra-sonication at 100 kHz for 30 min (for SiO;
NPs- 10 min) using double distilled water. All other chemicals were of analytical grade

and were obtained from local commercial sources.

3.2  Testanimal

Oreochromis mossambicus weighing 6x1.5g and length 6.5t1cm were collected
from local fish farm, Safa Aquarium, Kozhikode, Kerala (11°22°N, 75°85’E). Fish were
acclimatized in dechlorinated water for two weeks in the laboratory conditions prior to
experiment in glass tanks of 40 L capacity provided with good aeration and light (12:
12h; light: dark).

3.3 Preliminary screening

The physico-chemical features of the tap water were estimated as per the
guidelines of American Public Health Association (APHA, 1998). Water samples free
from chlorine, fluorine, iron and other metals, organic compounds and traces of
radioisotopes were detected using GC/MS or ICP/MS. Water temperature in the
experiment was maintained as 28+2°C, oxygen saturation of water ranged between 70%
and 100 % and pH was retained between 7.4 and 7.6, which were monitored

continuously using standardized procedures throughout the experiments.
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3.4  Determination of median lethal concentrations

The standard measure to determine the acute toxicity effects of selected
nanoparticles in the surrounding medium that kill 50 percent of the test animal at
specified time interval was performed by analysing median lethal concentration or LCsp
values for 96 h using Probit analysis, with a confident limit of 5% level (Finney, 1971).
In order to assess LCso of the nanoparticles, fish were not fed a day prior to and during
the test period to reduce faecal and excess food contaminating the test solution. Ten
specimens were maintained in each treatment tanks and aerated using tubed motorized
pumps. Control tank without toxicants were also maintained along with the treatment
groups. The movement and the behaviour along with the mortality of fishes were
continuously monitored throughout the study. For determining LCso concentration of
nanoparticles, it is necessary to understand that how much concentration of a toxicant is
required to cause 50% mortality. For this, four different treatment groups were formed

and in each group fishes were exposed to different concentrations of nanoparticles as

given below:

Group I: Al,O3-NPs at seven different concentrations, ie., 10, .20, 30, 40, 50, 60
and 70 mg/ L for 96 h.

Group II: Fe304-NPs at seven different concentrations, ie., 5, 25, 50, 75, 100, 125
and 150 mg/ L for 96 h.

Group IlI: SiO,-NPs at eight different concentrations, ie., 5, 25, 50, 75, 100, 125,

150 and 175 mg/ L for 96 h
Group 1V: TiO,-NPs at nine different concentrations ie., 25, 50, 75, 100, 125, 150,
175, 200 and 225 mg/ L for 96 h.
All treatment groups at different concentrations of nanoparticles were tanked
separately along with control animal. Fishes without any movement for long period
were considered as dead and were removed from the tanks immediately to prevent

contamination.
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3.5  Selection of treatment concentrations and durations

Treatment concentrations for in vivo studies were selected according to median
lethal concentrations. Fishes were exposed only to sub-lethal concentrations of all the
four nanoparticles. For this the 1/10™ of LCso (except FesO4NPs) were taken as the test
concentrations. Fishes were exposed to all the four nanoparticles (Al,OsNPs, Fe3O4NPs,
SiO;NPs and TiO;NPs) for both short-term and long-term durations. Short-term
durations include 24, 72 and 96 h, whereas long-term durations include 15, 45 and 60

days. Biochemical parameters, genotoxicity analysis, and histopathological studies were

performed in the selected concentrations and durations.

3.6 Experimental design
Test animal | Test chemicals and Treatment Parameters Tissues
and sample test concentrations durations tested analysed
size
Short-term — Biochemical
Oreochromis | Al,O3NPs —4 mg/ L 24,72 and 96 h | studies Gill
mossambicus | FesO4NPs — 15 mg/ L Liver
SiO;NPs — 12 mg/ L Long-term - Histopathology | Brain
N=10/ TiO,NPs —16.4mg/ L | 15, 45 and 60 | studies
treatment days
group and
Treatment Genotoxicity Whole
Control group | withdrawal — analysis blood
(without toxicant) 60 days
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3.7  Statistical analysis

All experiments of acute toxicity tests were performed in triplicates for the
accuracy of the results. Total number of animal used in the experiments, the exposure
concentrations and the mortality rate in each experiment were fit to a Probit model
using log10 concentration transformation using the statistical package SPSS 17.0. The
correlation between mortality on Y-axis and concentrations on X-axis and the best-fit
line was obtained by plotting graph using MS Excel 2007.
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4.1  Characterization of nanoparticles

Characterization of the four selected nanoparticles namely Al,O3-NPs,
Fes304-NPs, SiO,-NPsand TiO,-NPswere confirmed using X-ray diffraction (Rigaku
Miniflux) and it was found that the particles are pure and free from impurities
(Figure la-d). TEM images of nanoparticles indicated crystalline or amorphous,
irregular and roughly symmetrical structure of nanoparticles, and the size ranged
between 1 and 20 nm. The size of the nanoparticles derived using Scherrer’s formula
was Al;O3-NPs - 16.7 nm, Fe304-NPs - 15.65 nm, SiO,-NPs- 1 nm and TiO,-NPs-
11.4 nm (Figure 2a-d). The results confirmed that the nanoparticles used in the
present study have the size almost similar to the range as specified in the
manufacturers’ details (Vidya and Chitra, 2017).

4.2  Median lethal concentrations of selected nanoparticles

The mortality of fishes in each nanoparticles exposed groups were
continuously monitored throughout the experiment period. No mortality was
observed in the untreated control group throughout the experiment. It was observed
that in Group | - Al,O3-NPs exposed group, at 10 and 20 mg/ L concentrations for
96 h showed no mortality. At the next three concentrations namely 30, 40 and 50
mg/ L, fish exhibited 20, 50 and 80% mortality, respectively. When the
concentrations were further increased to 60 and 70 mg/ L showed 100% mortality of
fish at 96 h and 24 h, respectively (Table 1a and 1b; Figure 3). In Group Il - Fe304-
NPs exposed group, no mortality was observed at 10, 50 and 100 mg/ L
concentrations for 96 h. However, only 10% mortality was observed at 150 mg/ L
concentration exposed for 96 h, and above the concentration showed agglomeration
of nanoparticles (Table 2).

In Group 11 - SiO,-NPs exposed group, demonstrated no mortality at 5, 25,
50 and 75 mg/ L concentrations for 96 h. However, 40 and 50% mortality was
observed at 100 and 125 mg/ L concentrations for 96 h and at 150 and 175 mg/ L
concentrations showed 70 and 100% mortality after 96 h and 48 h, respectively
(Table 3a and 3b; Figure 4). In Group V- TiO,-NPs exposed group, fish showed no
mortality after 25, 50, 75 and 100 mg/ L concentrations of nanoparticles exposure
for 96 h. TiO,-NPs at 125, 150, 175 and 200 mg/ L concentrations showed 20, 40,
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50, and 80% of mortality, respectively for 96 h. Increase in the concentration at 225
mg/ L was observed with 100% mortality within 24 h of exposure (Table 4a and 4b;
Figure 5). The mortality values observed after each nanoparticles exposure were
analysed by plotting mortality in Y-variable against concentrations of nanoparticles
in X-variable. The values are then computed using Probit analysis at 95%
confidence limit were 40 mg/ L for Al,Os-NPs, 120 mg/ L for SiO,-NPs and 164
mg/ L for TiO,-NPs. The results of Probit analysis indicated that the percentage of
mortality showed high degree of positive correlation (r = +0.97, +0.947 and +0.91)
against the concentrations of Al,O3-NPs, SiO,-NPs and TiO,-NPs, respectively
(Figures 3-5).

Based on the median lethal concentrations (LCs0-96 h) observed for the
selected nanoparticles, one-tenth of LCs-96 h was selected as sublethal

concentrations for the toxicity studies in the following chapters as follows:

Selected nanoparticles  Median lethal concentration Sublethal concentration
(LCs0-96 h) (One-tenth of LCs0-96 h)
Al;O3-NPs 40 mg/L 4 mg/L
Fe3O4-NPs 150 mg/L 15 mg/L
(agglomeration concentration)
SiO,-NPs 120 mg/L 12 mg/L
TiO,-NPs 164 mg/L 16.4 mg/L
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Figure 1 XRD (Rigaku Miniflux) images showing structural and
crystalline nature of the powdered samples of nanoparticles

(a) - XRD peaks correspond to Al,03-NPs with particle size of 16.7 nm; (b) - XRD

peaks correspond to Fe3O4-NPs with particle size of 15.65 nm; (c) - XRD showing

the characteristic peak of SiO,-NPs with particle size of 1nm; (d) - XRD peaks of

TiO,-NPs denoting the peaks of both anatase and rutile at an angle of 27.6° and

28.9°, respectively with particle size of 11.4 nm.

= on O xide
5
8
2 —
£ =
c m
5 =
€ e
= -
| =
L3
E
T T T T T
10 20 30 4 50 60 70 80 M
T T T T T
2theta 10 n k1] 1D 50 D Fi ]
2 theta
a
@ (b)
— Silicon dioxide| — Titanium dioxide
2 2
2 ®
c c
2 1)
£ £
T T T T T T T T T T T T T T T
0 10 2 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90
2 Theta 2theta
(c) (d)

35




Figure 2 TEM images showing the morphology of a) Al,O3-NPs; b) Fe;O,-
NPs; ¢) SiO,-NPs and d) TiO,-NPs aggregates

100 nm "o 100 nm
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Table 1a Percentage of fish mortality exposed at different concentrations
of Al,O3-NPs in Oreochromis mossambicus for 96 h

Concentrations Total (No. of animals) Mortality (%)  Hour of mortality

(mg/L)

10.00 10.00 0 96 h
20.00 10.00 0 96 h
30.00 10.00 20 96 h
40.00 10.00 50 96 h
50.00 10.00 80 96 h
60.00 10.00 100 96 h
70.00 10.00 100 24 h

37



Table 1b Probit analysis of 95% confidence limits for effective
concentrations of Al,O3-NPs in Oreochromis mossambicus

Prob Concentration 959% Confidence Limits

(mg) Lower Upper
.01 17.85793 0.34029 25.58665
.02 20.45254 4.15094 27.51176
.03 22.09874 6.98513 28.74855
.04 23.33712 9.10728 29.68883
.05 24.34444 10.82603 30.46114
.06 25.20182 12.28286 31.12458
.07 25.95359 13.55501 31.71150
.08 26.62670 14.68943 32.24165
.09 27.23887 15.71694 32.72801
.10 27.80237 16.65887 33.17959
15 30.13542 20.51079 35.09719
.20 31.98966 23.50084 36.69257
.25 33.58043 25.99746 38.12984
.30 35.00899 28.16990 39.49015
.35 36.33276 30.11054 40.82314
40 37.58889 31.87595 42.16408
.45 38.80422 33.50441 43.54106
.50 40.00027 35.02475 44.97850
.55 41.19632 36.46139 46.49963
.60 42.41165 37.83759 48.12886
.65 43.66778 39.17782 49.89498
.70 44,99155 40.51014 51.83628
75 46.42011 41.86986 54.00932
.80 48.01088 43.30662 56.50646
.85 49.86512 44.,90154 59.49697
.90 52.19817 46.81872 63.34930
91 52.76167 47.27023 64.29131
.92 53.37384 47.75650 65.31890
.93 54.04696 48.28658 66.45340
.94 54.79872 48.87342 67.72562
.95 55.65611 49.53678 69.18254
.96 56.66343 50.30900 70.90137
.97 57.90180 51.24920 73.02361
.98 59.54800 52.48589 75.85789
.99 62.14262 54.41089 80.34924
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Figure 3 Median lethal concentration (LCs0-96 h) of Al,O3-NPs in
Oreochromis mossambicus (n = 10 fish per group)
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Table 2 Percentage of fish mortality exposed at different concentrations
of Fe3O4-NPs in Oreochromis mossambicus for 96 h

Concentrations Total Mortality Hour of mortality
(mg/L) (No. of animals) (%)
5.00 10.00 0 96 h
25.00 10.00 0 96 h
50.00 10.00 0 96 h
75.00 10.00 0 96 h
100.00 10.00 0 96 h
125.00 10.00 0 96 h
150.00 10.00 10 96 h
Table 3a Percentage of fish mortality exposed at different concentrations

of SiO,-NPs in Oreochromis mossambicus for 96 h

Concentrations Total Mortality Hour of mortality

(mg/ L) (No. of animals) (%)

5.00 10.00 0 96 h

25.00 10.00 0 96 h

50.00 10.00 0 96 h

75.00 10.00 0 96 h
100.00 10.00 40 96 h
125.00 10.00 50 96 h
150.00 10.00 70 96 h
175.00 10.00 100 48 h
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Table 3b

Probit

analysis

of 95%
concentrations of SiO,-NPs in Oreochromis mossambicus

confidence

limits for

Prob Concentration

95% Confidence Limits

(mg) Lower Upper
.01 62.74245 32.99795 79.67651
.02 67.75591 38.16381 84.13493
.03 71.14254 41.83916 87.12121
.04 73.80127 44.82570 89.45680
.05 76.03706 47.40370 91.41789
.06 77.99336 49.70766 93.13367
.07 79.75001 51.81357 94.67580
.08 81.35643 53.76904 96.08849
.09 82.84548 55.60601 97.40110
A0 84.24024 57.34712 98.63424
A5 90.26922 65.07972 104.02869
.20 95.36712 71.83233 108.72215
.25 99.96951 78.03545 113.12803
.30 104.29158 83.88921 117.47702
.35 108.46326 89.49669 121.93910
40 112.57596 94.91051 126.66699
45 116.70341 100.15529 131.81541
.50 120.01315 105.24370 137.55034
.55 125.27474 110.19154 144.05462
.60 129.86778 115.03202 151.53713
.65 134.79210 119.82688 160.25490
.70 140.18380 124.67484 170.56019
75 146.24449 129.72339 182.99327
.80 153.30221 135.19818 198.47538
.85 161.95987 141.48462 218.77992
.90 173.55114 149.38724 248.00626
91 176.47298 151.30907 255.72014
.92 179.70294 153.40629 264.40444
.93 183.32274 155.72553 274.32992
.94 187.45174 158.33449 285.89723
.95 192.27452 161.33721 299.73505
.96 198.09943 164.90621 316.91156
.97 205.50279 169.36134 339.46452
.98 215.77438 175.41100 372.07509
.99 233.01591 185.27462 430.21187
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Figure 4 Median lethal concentration (LCs0-96 h) of SiO,-NPs in

Oreochromis mossambicus (n = 10 fish per group)
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Table 4a Percentage of fish mortality exposed at different concentrations
of TiO,-NPs in Oreochromis mossambicus for 96 h

Concentrations Total Mortality Hour of mortality

(mg/ L) (No. of animals) (%)

25.00 10.00 0 96 h
50.00 10.00 0 96 h
75.00 10.00 0 96 h
100.00 10.00 0 96 h
125.00 10.00 20 96 h
150.00 10.00 40 96 h
175.00 10.00 50 96 h
200.00 10.00 80 96 h
225.00 10.00 100 24 h
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Table 4b

Probit

analysis

of 95%
concentrations of TiO»-NPs in Oreochromis mossambicus

confidence

limits for

Prob  Concentration

95% Confidence Limits

(mg) Lower Upper
.01 79.36112 11.13292 106.02350
.02 89.30182 29.37677 113.22481
.03 95.60887 40.88573 117.86000
.04 100.35343 49.49879 121.39155
.05 104.21275 56.46989 124.29916
.06 107.49765 62.37387 126.80351
.07 110.37786 67.52439 129.02545
.08 112.95674 72.11224 131.03876
.09 115.30213 76.26246 132.89203
.10 117.46107 80.06164 134.61907
15 126.39964 95.51704 142.04371
.20 133.50374 107.36139 148.38369
.25 139.59842 117.06739 154.27823
.30 145.07163 125.30259 160.05278
.35 150.14338 132.43471 165.90280
40 154.95597 138.70534 171.95095
.45 159.61220 144.30158 178.27325
.50 164.19462 149.38457 184.91986
.55 168.77704 154.09873 191.93529
.60 173.43327 158.57529 199.37729
.65 178.24586 162.93704 207.33432
.70 183.31761 167.30727 215.94622
75 188.79082 171.82537 225.43788
.80 194.88550 176.67621 236.18758
.85 201.98960 182.15581 248.89231
.90 210.92817 188.86256 265.06559
91 213.08711 190.45871 268.99566
.92 215.43250 192.18412 273.27374
.93 218.01138 194.07191 277.98711
.94 220.89159 196.16980 283.26169
.95 224.17649 198.55038 289.28943
.96 228.03581 201.33276 296.38575
.97 232.78037 204.73472 305.12841
.98 239.08742 209.23020 316.77708
.99 249.02812 216.26592 335.18653
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Figure 5 Median lethal concentration (LCs0-96 h) of TiO,-NPs in
Oreochromis mossambicus (n = 10 fish per group)
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5.1 Importance of characterization of nanoparticles

Nanotechnology is a rapidly emerging multidisciplinary technology with the
development of new nanoscale products in various shapes. Due to the widespread
application of the engineered nanoparticles in various fields, they are released
continuously in large scale into the aquatic environment. Toxicological studies using
engineered nanoparticles concluded that nanoparticles are potentially harmful due to
the specific physico-chemical properties (Hoshino et al., 2004). It is therefore,
crucial to demonstrate the characterization of nanoparticles in toxicological studies
in order to correlate the toxic potential and responses of nanoparticles with their
properties, and to ensure the reproducibility and accuracy of results and observations
(Oberdorster et al., 2005; Jiang et al., 2009). Behaviour of nanoparticles depends on
several unique characteristics including size, shape, surface area and surface
reactivity. Thus agglomeration, adsorption, uptake, metabolism and excretion of
nanoparticles in humans or other organisms and their environment are greatly
influenced by its physico-chemical properties. There is a growing agreement on the
necessity of performing suitable and accurate characterization of commercially
available nanoparticles in environmental media and biological systems before
conducting any toxicity tests. Execution of any nanotoxicity tests without
characterization of nanoparticles possesses inadequate value to the experiments due
to the inconsistency in physico-chemical properties (Warheit, 2008). There are many
test batteries available for adequate characterization of nanoparticles, however, they
are undoubtedly costly and time-consuming. Some of the principal characteristics
tests conducted before performing toxicity studies include size, shape, surface area,
state of dispersion and surface chemistry (Cong et al., 2011).

In the present study, characterization of commercially available selected four
nanoparticles was performed before conducting the acute toxicity tests. Only the two
principal characteristics namely the size and shape of the nanoparticles were carried
out in the study. The results obtained using X-ray diffraction confirmed that the
selected nanoparticles are pure and free from impurities (Figures 1a-d) and the TEM
images indicated that the size of nanoparticles used in the study are almost in the
range as specified by the manufacturers. Characterization of Al,O3-NPs showed the

size of the nanoparticles at 16.7 nm, and the size mentioned in the manufacturers
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label was 20-30 nm (Figure 2a). The size of Fe3;O4-NPs observed after
characterization was 15.65 nm, which was below the size as mentioned in the
manufacturer’s information as 50-100 nm (Figure 2b). The particle size of SiO,-
NPs mentioned by the manufacturer was below 100 nm and the size observed after
characterization was only 1 nm (Figure 2c). Characterization of TiO,-NPs showed
the particle size as 11.4 nm, and the size mentioned in the manufacturer’s tag was
below 100 nm (Figure 2d). Thus characterization of nanoparticles performed in the
selected nanoparticles provides the exact particle size and shape which is very
essential for conducting any toxicity tests. A slight difference in size observed
between the manufacturer details and that measured in the laboratory may be most
likely due to batch-to-batch variation during production, changes in material
properties between synthesis and initial characterization, and also could be
variations in certain experimental conditions such as pH, ionic strength, and
temperature (Cong et al., 2011).

After characterization, dispersion of nanoparticles is the other important
factor for the preparation of evenly suspended stock of nanoparticles. In the present
study the selected nanoparticles were suspended in double distilled water by
performing sonication as the external mixing force. Such characterization and
dispersion of nanoparticles according to the standard prescribed methods may
sometimes change the properties of nanoparticles as what was expected to be
released into the environment. Therefore, mimicking the environmentally released
nanoparticles in the laboratory condition is unrealistic to certain extent. However,
the physico-chemical features of tap water such as water pH, salinity and
temperature, dissolved organic material, and natural competing cations were
estimated using the standard APHA guidelines. These environmental factors are
likely to play important roles in determining the dispersion and toxic consequences
of nanoparticles in the exposed fish. The toxicity and reactivity of nanoparticles are
highly influenced by the features as size and shape of the particles because
internalization of nanoparticles into the biological system depends on the size and
shape. Thus characterizations of the selected four nanoparticles were performed in
the laboratory before conducting the toxicity tests in the fish, Oreochromis

mossambicus.
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