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In the present scenario, the burgeoning field of nanotechnology is playing central role in various real world applications. Researches
engrossing nanoparticles are evolving at a rapid pace owing to which engineered nanomaterials are increasingly becoming part of daily life
in the form of cosmetics, food packaging, drug delivery, therapeutics, biosensors, etc. It is intrigued that the properties of nanoparticles
which bestow them their unique physicochemical characteristics could also lead to adverse biological consequences such as increased
uptake and interaction with the biological systems. Nanomaterials, due to their small size could enter the body through various semi open
anatomical interfaces and can penetrate through cells and organelles and disrupt their normal function, which could lead to tissue
inflammation, altered cellular redox balance or even cell death. Nanoparticles unlike larger particles can transverse through the
circulatory/lymphatic to various vital organs of the body including nervous systems and brain. Nanomaterials could lead to various allied
illnesses including bronchitis, asthma, lung and liver cancer, Parkinson’s disease, Alzheimer’s disease, Crohn’s disease, heart disease and
colon cancer. Reckoning with the unprecedented applicability’s of nanomaterials in daily life, avenues for direct or indirect exposures of
nanoparticles to human beings increases, which raises concern about their role in vivo toxicity. This necessitates intensive research to have
knowledge of the various routes of nanoparticle exposure and their effects upon the human health. This review is an attempt to evaluate the

various modes of exposure of nanoparticles in human beings, mechanism of toxicity, their fate inside body and adverse health effects.
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Introduction

Nanotechnology has been defined as the design,
characterization, production and application of structures,
devices and systems by controlling shape and size at
nanometre scale while nanoparticles are classified as
particles having one or more dimensions in order of 100 nm
or less.! Research engrossing nanoparticles is currently an
area of intense scientific interest due to their wide potential
applications in diverse fields including biomedical, optical
and electronics field. Semiconductors, metallic, magnetic
and polymeric-nanosystems made possible the early
diagnosis and new treatments for many diseases including
multiple sclerosis, atherosclerosis and cancer.” For instance,
super paramagnetic iron oxide NPs (SPIONs) have been
used for magnetic labelling, cell isolation, hyperthermia,
imaging and controlled drug release.” Nanomaterial based
entities have potential applications in developing smart
targeted drug delivery vehicles, biocompatible implants,
sensor and diagnostic systems and besides biomedical
applications, NPs are also used commercially in various
products such as electronic components, scratch-free paint,
sports equipment, cosmetics, food colour additives and
surface coatings. Reckoning their potential applications,
engineered nanomaterials with new chemical and physical
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properties are being produced on daily basis; resulting in
increased exposure to environment and human beings, yet
there is little understanding of the unique toxicological
properties of NPs and their long-term impact on human
health and infact there is considerable gap between the
available literature on the nanomaterials production and
toxicity evaluations.

Lately, air pollution studies have generated indirect
evidence for the role of combustion derived nanoparticles
(CDNP) in driving adverse health effects in susceptible
groups. Reasonably, owing to the nano size, NPs are capable
of entering the human body by exploiting various semi open
anatomical surfaces of human beings viz. skin, respiratory
tract and gastrointestinal tract (GIT). It has been evidenced
that through inhalation they gain entry into the respiratory
tract (most common route of exposure) and through
ingestion or nasopharyngeal route they could enter the GIT.
They could also breach the intact skin tissues and beside
these, they could translocate the systemic circulation and
through the blood stream could reach various organs of the
body such as liver, spleen, bone marrow and nervous system
including brain. Moreover, implants and injections also
serve minor role for their entry into the body.

Since anquity, human beings have been directly or
indirectly exposed to NPs. Particle toxicology and the
consequent adverse health effects of asbestos fibres and coal
dust, serve as landmark references to the development of
nanotoxicologic concepts." Nanomaterials owing to their
diverse chemical, optical, magnetic and structural properties
may display different toxicological profiles, thus
generalization of potential toxicological effects is extremely
difficult’ and requires scruiting at individual level. Typical
nanoparticles that have been studied in this regard include
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titanium dioxide, alumina, zinc oxide, carbon black, and
carbon nanotubes and “nano-C60”. Nanoparticle overload
can instigate stress reactions that could lead to inflammation
and weaken the body’s defence system. Non-degradable or
slowly degrading nanoparticles not only accumulate in
bodily organs but can also interact or interfere with
biological processes inside the body.

Although size is the key factor in determining the
potential toxicity of a particle, other properties including
chemical composition, shape, surface structure, surface
charge, aggregation, presence of functional group and
solubility play their role in imparting toxicity. Chemical
composition of nanoparticles is responsible for their
reactivity while their surface charge is responsible for their
electrostatic interactions. Surface area to volume ratio of
these particles increases their interaction with the
surrounding molecules. Of note, upon exposure to tissue and
fluids, they could immediately adsorb onto their surface and
affect their functionalities. Hydrophobicity and sometimes
lipophilic groups of nanoparticles allows them to interact
with proteins and membranes, respectively. Besides
complementary nanostructure could cause inhibition of
enzyme activity either competitive or noncompetitive while
accumulation of an inert particle in the body could trigger
tissue formation around the foreign entity leading to
formation of a scar tissue.

Mechanism of nanoparticle toxicity in the body

Unlike larger particles, nanoparticles may be taken up by
cell mitochondria and the cell nucleus and can cause DNA
mutation and major structural damage to mitochondria, even
resulting in cell death. Nanomaterials like silver-coated gold
nanoparticles, fullerenes, block copolymer micelles and
carbon nanotubes may be capable of localizing to
mitochondria and inducing apoptosis, ROS formation, DNA
damage, cell-cycle arrest, mutageneses which are possible
intrigued as sources of in vivo toxicity.°

The toxicity of nanomaterials can occur through three
different mechanisms in the body: i) dissolution process of
nanomaterials in biological media, ii) catalyst properties of
nanomaterials and iii) reduction and oxidation (Redox)
evolution of the surfaces.” It has been demonstrated that
nanoparticles could penetrate into cells and by transcytosis
could transverse through epithelial and endothelial cells into
the lymphatic circulation to reach various sensitive parts of
the body, such as bone marrow, brain, spleen, heart and
nervous system including brain.

In experimental models, it has been observed that
nanomaterial exposure ensues in oxidative stress, ROS
generation, mitochondrial perturbation, inflammation, brain
and peripheral nervous system injury, enzyme activity loss,
atherogenesis, thrombosis, stroke, myocardial infarction,
autoimmunity and DNA damage leading to mutagenesis and
carcinogenesis. Of note, nanoparticles can reach the cell
mitochondria and cell nuclei, which in turn cause DNA
mutation and induce major structural damage and cell death
¥ but most intracellular and in vivo toxicities from NPs arise
from the production of excess reactive oxygen species
(ROS).”¢
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The Figure 1 depicts the interaction of nanoparticles with
the cell and various mechanisms involved in nanotoxicity.
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Figure 1. Nanoparticles interaction with the cell and various
mechanisms involved in toxicity
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N ADVERSE EFFECTS

Reactive oxygen species are both physiologically
necessary and potentially destructive. Although moderate
levels of ROS play specific roles in the modulation of
several cellular events'® but increased ROS levels is
indicative of oxidative stress and can damage cells by
peroxidizing lipids, altering proteins, disrupting DNA,
interfering with signalling functions and modulating gene
transcription*'""'? and finally ending up in cancer, renal
disease, neurodegeneration, cardiovascular or pulmonary
disease. Toxicity from ROS can be more pronounced in the
central nervous system (CNS) due to the high content of
unsaturated fatty acids, which are susceptible to
peroxidation.'”” ROS also play a role in the development of
vasculopathies, including those that define atherosclerosis,
hypertension  and  restenosis  after  angioplasty."
Accumulation of NPs in the liver and spleen leads to
imbalance in ROS homeostasis and antioxidant defences,
making these organs main targets of oxidative stress.

Nel et al.,' described nanoparticle-induced oxidative
stress affects cell signalling in three stages. A low level of
oxidative stress enhances transcription of defence genes
through transcription factor nrf2. A higher level of oxidative
stress activates inflammation signalling through NFkB, and
very high levels are connected with activation of apoptotic
pathways and necrosis. Changing these signalling pathways
in cells is associated with the carcinogenic effects of NPs.
Peterson and Nelson'® reviewed the ROS toxicity of NPs
towards the cell nucleus and DNA material and observed
that it leads to double strand breaks, which are considered
the most lethal type of oxidative DNA damage. Damage to
mtDNA due to excess amount of ROS is reported to be
associated with several clinical syndromes such as
neurogenic muscle weakness, ataxia and retinitis pigmentosa,
mitochondrial encephalomyopathy, lactic acidosis, stroke
like episodes, retinitis pigmentosa, cardiac conduction
defect and elevated cerebrospinal fluid protein.'®

Apart from ROS effects, certain physicochemical
properties of NP can also induce toxicity. To mitigate ROS
effects, some new steps have been taken in NP design.
Recently, cerium oxide nanoparticles have been developed
that incorporate oxygen defects which scavenge free radicals
and prevent oxidative stress.
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Nanoparticles: Routes of entry, translocation and
their clearance from the body

Nanostructures can enter the body via six principle routes
viz. intra venous, dermal, subcutaneous, inhalation,
intraperitoneal, oral and through inhalation and amongst
these airborne inhalation of nanosized particles (NPs) i.e.
entry through the respiratory tract is the most likely route of
exposure to nanoparticles. Exposure via other routes has not
been studied in detail and is less plausible unless it is by
direct ingestion through food or drug delivery, dermal
contact through application of oils and skin creams, or as a
contaminant in water through a nanoparticle-treated
membrane system. Absorption can occur where the
nanostructures first interact with biological components and
then they can distribute to various organs in the body and
may remain the same structurally, be modified, or
metabolized and can reside in the cells for an unknown
amount of time before leaving to move to other organs or to
be excreted.'” Figure 2 shows possible routes of entry of
nanoparticles in the body and their adverse health effects.
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Figure 2. Possible routes of entry of nanoparticles in the body and
their adverse health effects.

Respiratory uptake of nanoparticles

Inhalation of airborne nanoparticles through the
respiratory tract is the most common means of entry in
humans as mentioned above. Of note, lungs represent the
primary entry port for inhaled particles. It has been shown
that the inhaled nanoparticles are efficiently deposited by
diffusional mechanisms in all regions of the lungs and with
decrease in the particle size, notably below 500 nm, the
deposition increases due to increasing diffusion mobility.
Hoet et al.'® summarized that most nanosized spherical solid
materials easily enter the lungs. Particles of different sizes
deposit differently in the airways, as well as the alveolar
region so depict different effects in different parts of the
lungs which is particularly important in children with
developing lungs and in asthma and COPD patients. The
smaller the particles, the higher the probability that the
particle will hit the epithelium of a lung structure.
Spherically shaped solid material with particle diameters
less than 10 microns can reach the gas exchange surfaces.
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Larger diameter particles, with size and diameters of 10
microns or more tend to be deposited further up in the
respiratory tract as a result of gravitational settling,
impaction, and interception.'” Many larger diameter fibres
are deposited at “saddle points” in the branching respiratory
tree. On the epithelium walls of the respiratory tract,
particles contact first the mucous or serous lining fluid and
its surfactant layer on top. Therefore, the fate of particle
compounds soluble in this lining fluid of respiratory tract
needs to be distinguished from slowly dissolving or even
insoluble compounds.

The clearance of deposited particles in the respiratory tract
is by physical translocation to other sites, and chemical
clearance. Chemical dissolution in the upper or lower
respiratory tract occurs for biosoluble particles in the intra-
cellular or extra-cellular fluids, and they are sequestered to
the circulatory and lymphatic systems. Slowly dissolving
and insoluble NP deposited on the airway are cleared by
means of mucociliary escalator and phagocytosis by alveolar
macrophages. In the upper airways, particle clearance is
performed mainly by the mucociliary escalator’® into the
gastrointestinal tract”', lymphatic system” and circulatory
systems.! From the gastrointestinal tract, nanoparticles are
eliminated in the feces, while from the lymphatic and
circulatory systems; they may be distributed to organs,
including kidneys from where partial or total clearance may
occur. The cilia of the bronchial epithelial cells move the
sparingly soluble and insoluble particles which are covered
and trapped in the mucous, away from the lungs into the
pharynx and nasopharynx and are then removed by means of
coughing and sneezing. Slowly dissolving and insoluble NP
deposited in the alveolar region are only taken up and
digested to a limited amount by alveolar macrophages which
transport nanoparticles to the larynx where they are
swallowed and excreted after passage through the gastro-
intestinal tract. The remaining NP will interact with the cells
of the epithelium such that NP will be taken up by those
cells or transported into the interstitial spaces. As a result,
most NP will be no longer retained as free particles on the
epithelium while insoluble NP may stay for months and
years in the lungs. Particles less than 10 microns can reach
the lower airways.” The particle clearance from the lung
alveoli occurs primarily through macrophage phagocytosis.
If the particle is digested by lysosome enzymes, the residues
are removed by exocytosis. If not, phagocytosis is followed
by gradual movement of macrophages with internalized
particles towards the mucociliary escalator, a process that
can last up to 700 days in humans.* If the macrophage is
unable to digest the particle and the particle produces
damage to phagosomal membrane due to peroxidation, it
will lead to reduced cell motility, impaired phagocytosis,
macrophage death, and ultimately reduced clearance of
particles from the lung.** If particles cannot be cleared by
macrophages, they can kill successive macrophages
attempting to clear them, and create a source of oxidative
compounds, and inflammation with macrophage debris
accumulation in form of pus. Oxidative stress is associated
with various diseases, such as cancer, neurodegenerative,
and cardiovascular diseases. This mechanism of alveolar
clearance is not perfect, as it allows smaller nanoparticles to
penetrate the alveolar epithelium and reach the interstitial
space and from there, they may enter the circulatory and
lymphatic systems and reach other sites throughout the
body.”® Phagocytosis occurs in different areas of the body
having different names, according to their location, such as
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alveolar macrophages, splenic macrophages and Kupfer
cells, respectively Translocation after inhalation of NP in
the lung is not only towards the liver but also spleen,
kidneys, brain and heart.”®

Nervous system uptake of nanoparticles

Inhaled nanoparticles are shown to reach the nervous
system via the olfactory nerves’™® or by breaching the
blood-brain-barrier.”®*” The nasal and tracheo-bronchial
regions have many sensory nerve endings.* More recent
studies confirm the uptake of inhaled nanoparticles from
olfactory mucosa via the olfactory nerves42628 Rat
inhalation studies with 30 nm magnesium oxide® and 20-30
nm carbon®™ nanoparticles indicate that nanoparticles
translocate to the olfactory bulb. %

The passage of nanoparticle to the nervous system is also
possible via the blood-brain-barrier. Regarding the passage
of nanoparticles, the blood-brain-barrier Iz)ermeability is
dependent upon the charge of nanoparticles™ and allows a
larger number of cationic nanoparticles to pass compared to
neutral or anionic particles, due to the disruption of its
integrity”” Increased blood-brain-barrier éaermeab1l1ty
observed in hypertens1on brain inflammation®®, respiratory
tract inflammation?” allows nanoparticles access to the
nervous system.

Lymphatic systems uptake of nanoparticles

Translocation of nanoparticles to lymph nodes is a topic of
intense investigation today for drug delivery and tumor
imaging.”® Several studies have shown that interstitially
injected particles pass preferentially through the lymphatic
system and not through the crrculatory system, probably due
to permeab1l1ty differences™ and get located in the lymph
nodes.” The free nanoparticles reaching the lymph nodes are
ingested by resident macrophages.’’ Nanoparticles that are
able to enter the circulatory system can also gain access to
the interstitium and from there could be drained through the
lymphatic system to the lymph nodes as free nanoparticles
and/or inside macrophages. >

Circulatory system uptake of nanoparticles

Nanoparticles, unlike larger particles, are able to
translocate across the respiratory epithelium after being
deposited in the lungs.*** Once, they have crossed the
respiratory epithelium, they may persist in the interstitium
for years, or they may enter the lymphatic system and
circulatory system.”” Inhalation or instillation studies in
healthy animals have shown that metallic nanoparticles with
size smaller than 30 nm pass rapidly into the circulatory
system***** while non-metallic nanoparticles with s1ze
between 4 and 200 nm pass feebly or do not pass at all.*
contrast, subjects suffering from respiratory and c1rculatory
diseases have higher capillary permeability, allowing fast
translocation of metallic or non-metallic nanoparticle into
circulation.”> From the circulatory system, long-term
translocation to organs such as the liver, heart, spleen,
bladder, kidney, bone marrow is possible, depending on the
duration of exposure. Evidence of rapid translocation of
metal nanoparticles from lungs into the circulation and to
organs has been provided by animal studies. These results
have shown that nanoparticles with diameters of 30 nm
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(Au)*, 22 nm (TiO2)** could be located in pulmonary
capillaries; whereas particles of 15 nm (Ag)* and welding
fumes®* could be located in blood, liver, kidney, spleen,
brain, and heart. Animal studies on rats with inhalation of
titanium dioxide nanoparticles (22 nm diameter) have shown
that they could translocate to the heart as evidenced by their
presence in the heart connective tissue (fibroblasts).*®
Within 30 minutes post exposure, large quantities of
1ntratracheally instilled gold nanoparticles (30 nm) has been
found in platelets inside of pulmonary capillaries of rats.*
On the contrary, there is no conclusive evidence for fast
translocation of carbon-based non metal nanomaterials in
systemic circulation.

Nanopartrcle uptake by red blood cells is entrrely dictated
by size, due to absence of phagocytic receptors’’ while the
nanoparticle charge or material type plays feeble roles. On
the contrary, nanoparticle charge plays an essential role in
their uptake bsy platelets; thereby influencing blood clot
phenomena’s.” Uncharged polystyrene particles do not have
any effect on blood clots formation. Negatively charged
nanoparticles significantly inhibit thrombi formation, while
positively char%e nanoparticles enhance platelet aggregation
and thrombosis™ due to interaction of the positively charged
nanoparticles with negatively charged platelets leading to
reduction of their surface charge, making them more prone
to aggregation. Until now, it was thought that blood clots
can be formed due to three main causes: when the blood
flow is obstructed or slowed down, when the vascular
endothelial cells are damaged, or due to the blood chemistry.
However, it seems possible, in the view of recent findings
that nanoparticles may act as nucleating centres for blood
clots.*® Microscopic and energy dispersive spectrometry
(EDS) analysis of blood clots from patients with blood
disorders revealed the presence of foreign nanoparticles.*®
Most notably, patients with the same type of blood disorder
show fibrous tissue clots embedding nanoparticle with
different composition.

Organ uptake of nanoparticles

Micro and nanoparticle debris has been detected by
scanning electron microscopy 1n organs and blood of
patients with orthopaed1c 1mplants drug addiction®’, worn
dental prostheses™, blood d1seases colon cancer, Crohn’s
disease and ulcerat1ve colitis.” The pathway of exposure
most likely involves the translocation from lungs to
circulation of the inhaled nanoparticles, followed by uptake
by the organs. Rat inhalation studies with stainless steel
welding fumes showed that manganese accumulates in
blood and liver.** Rat inhalation studies with 4-10 nm silver
nanoparticles have shown that within 30 minutes, the
nanoparticles enter the circulatory system, and after a day
can be found in the liver, kidney and heart, until
subsequently cleared from these organs after a week.”
Clearance from the liver can occur via biliary secretion into
the small intestine. A case study shows that the wear of
dental bridges leads to the accumulation of wear
nanoparticles in liver and kidneys.”® The maximum size of
particles found in the liver (20 microns) was larger than in
the kidneys (below 6 microns), suggesting that particles are
absorbed by intestinal mucosa, translocate to liver before
reaching the circulatory system and kidneys. After the
removal of dental bridges, particles in stool are no longer
observed.
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Gastro-intestinal tract uptake of nanoparticles

Endogenous sources of nanoparticles in the gastro-
intestinal tract are derived from intestinal calcium and
phosphate secretion.” Exogenous sources are particles from
food such as colorants — titanium oxide, pharmaceuticals,
water, or cosmetics including toothpaste, lipstick, dental
prosthesis debris®™ and inhaled particles.”® The dietary
consumption of nanoparticles in developed countries is
estimated around 1012 particles/person per day’® and mainly
consists of TiO2 and mixed silicates. These nanoparticles do
not degrade in time and accumulate in macrophages. A
portion of the particles cleared by the mucociliary escalator
can be subsequently ingested into the gastro-intestinal tract.
Also, a small fraction of inhaled nanoparticles was found to
pass into the gastrointestinal tract.” Particles that penetrate
the mucus reach the enterocytes and are able to translocate
further.'"® Diseases, such as diabetes, may lead to higher
absorption of nanoparticles in the gastrointestinal tract. '*
The extent of particles absorption in the gastro-intestinal
tract is affected by size, surface chemistry and charge,
length of administration, and dose."® The absorption of
particles in the gastro-intestinal tract decreases with increase
in size of nanoparticles. For example study of polystyrene
particles with size between 50 nm and 3 um indicated that
their uptake is 6.6%, 5.8%, 0.8% and 0% for nanoparticles
of size 50 nm, 100nm, lpm and 3 um respectively.”’ The
kinetics of particles in the gastro-intestinal tract depends
strongly on the charge of the particles. Positively charged
latex particles are trapped in the negatively charged mucus
while negatively charged latex nanoparticles diffused across
the mucus layer and became available for interaction with
epithelial cells.'®

It is generally assumed that nanomaterials do not remain
in gastro-intestinal tract for indefinite periods.'® Most of the
studies of ingested nanoparticles have shown that they are
eliminated rapidly; 98% in the faeces within 48 hours and
most of the remainder via urine.* However, other studies
indicates that certain nanoparticles can translocate to blood,
spleen, liver, bone marrow, lymph nodes, kidneys, lungs,
and brain, and can also be found in the stomach and small
intestine.*’

Dermal uptake of nanoparticles

The skin is composed of three layers; epidermis, dermis
and subcutaneous and the outer portion of the epidermis is
called stratum corneum.'® As with many subjects involving
nanoparticles, dermal penetration is still controversial.*®
Several studies have shown that nanoparticles are able to
penetrate the stratum  corneum.****'**  Nanoparticles
penetration through the skin typically occurs via the hair
follicles, flexed” and broken skin.* Intracellular
nanoparticles penetration is also possible, as demonstrated
by in vitro experiments.” MWCNTs are internalized by
human epidermal keratinocytes in cytoplasmic vacuoles and
induce the release of pro-inflammatory mediators.*
Spherical particles with diameter between 750 nm and 6
microns selectively penetrate the skin at hair follicles with a
maximum penetration depth of more than 2400 microns (2.4
mm).** Broken skin facilitates the entry of a wide range of
larger particles (500 nm - 7 um).4 Translocation of
nanoparticles from skin into the lymphatic system occurs by
soil particles found in lymph nodes as has been revealed in
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patients with podoconiosis. Neuronal transport of small
nanoparticles along sensory skin nerves may also be
possible, in a similar way to the proven path for herpes
virus.* Penetration of the TiO2 nanoparticles (found in
commercially available sunscreens) into the skin ** is
believed to depend on percentage of nanoparticles in the
sunscreen. For example, the application of a sunscreen
containing 8% nanoparticles (10-15nm) onto the skin of
humans showed no penetration, while oil in water emulsions
showed penetration.**

Dermal exposure is another important uptake source for
NPs especially because of the increased interest in the use of
TiO,, ZnO and other nanoparticles for protection against
ultraviolet rays in various dermal creams, lotions, and
cosmetics. Nanosized particles can enter through the
unbroken skin during the flexing of the wrist. *' It has been
observed that the flexing of the skin can lead to uptake of
micrometer-long fluorescent beads. TiO, particles (5-20 nm)
are able to penetrate into the skin cells and interfere with the
immune system while anatase TiO, nanoparticles (10 nm
and 20 nm) induced oxidative DNA damage, lipid
peroxidation, and micronuclei formation.

Nanoparticle uptake via injection

Injectable nanoparticles are been involved in drug

delivery studies. The translocation of nanoparticles
following injection depends on the site of injection;
intravenously injected nanoparticles quickly spread
throughout the circulatory system, with subsequent

translocation to organs such as liver, spleen, bone marrow,
lymph nodes®, small intestine, brain, lungs; whereas
intradermal injection leads to lymph nodes uptake and
intramuscular injection is followed by lymphatic and
neuronal  system uptake.*  Nanoparticles injected
intravenously are retained longer in the body than ingested
ones. For example, 90% of injected functionalized fullerenes
are retained after one week of exposure.’ Coating
nanoparticles with various types and concentrations of
surfactants before injection significantly affects their
distribution in the body.” For example, coating with
polyethylene glycol or other substances almost completely
prevents hepatic and splenic localization.** Similarly
modification of nanoparticles surface with cationic
compounds facilitates arterial uptake by up to 10 fold. A
common side effect of injecting nanoparticles intravenously
is hypersensitivity reaction.

Nanoparticle generation by implants

Nanoparticle debris produced by wear and corrosion of
implants is transported to region beyond the implant and has
been observed in liver and kidneys of diseased patients with
implants and prostheses.”” Implants release metal ions and
wear particles and, after several years of wear, in some cases
the concentration of metals in blood exceeds the biological
exposure indices recommended for occupational exposure.
Immunological responses and aseptic inflammation in
patients with total hip replacement are a response to wear
particles. Exposure to orthopedic wear-debris leads to
inflammatory initiated bone resorption, implant failure,
dermatitis, urticaria and vasculitis.*
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Adverse Effects of Nanoparticles and their
treatment

Recent researches has lead to changes in terminology of
nanotechnological studies and brought about the realization
that no particles are completely inert, and even low
concentrations of particles could have negative health
effects. It has been demonstrated the interaction of
nanoparticles with biological systems can result in allergy®’,
fibrosis, organ failure, Inflammation, cytotoxicity48, ROS
generation”” and DNA/tissue damage.” Recent endeavours
from the research fraternities has shown that nanoparticles
inhalation can affect the immune system defence ability to
combat infections® and are able to modulate the intrinsic
defensive function of macrophages, affecting their reactivity
to infections. Several types of nanoparticles (such as ZrO2)
enhance the expression of some viral receptors leading to
excessive inflammation®  while exposure to other
nanoparticles (SiO2, TiO2) leads to a decrease in the
expression of some other viral and bacterial receptors,
leading to lower resistance to some viruses or bacteria.
Further, most human-made nanomaterials do not appear in
the environment, so living organisms possibly do not
embody an appropriate immune system to deal with these
nanoscale products.

Adverse health effects of respiratory uptake of nanoparticles

The adverse health effects of nanoparticles uptake by
respiratory system depend on the residence time in the
respiratory tract’’ as well as genetic susceptibility and health
status.”’ Smaller particles have a higher toxicological
attributes than larger particles of the same composition and
crystalline structure, and generates consistently higher
inflammatory reaction in the lungs. Smaller nanoparticles
are correlated with adverse reactions such as impaired
macrophage clearance, inflammation, accumulation of
particles, and epithelial cell proliferation, followed b2y
fibrosis, emphysema, and the appearance of tumors.”
Chronic (two year) high-dose inhalation exposures in rats
with poorly soluble, low toxicity dusts can ultimately
produce pulmonary fibrosis and lung tumours via an
“overload mechanism” but same has not been reported in
mice or hamsters, under similar chronic conditions.
Treatments for nanoparticles inhalation include those that
act to enhance mucociliary clearance, and those that reduce
the effects of oxidation and inflammation. Anti-
inflammatory medicine (sodium cromoglycate) was found to
strongly reduce airway inflammation caused by diesel
exhaust nanoparticles.”> Antioxidant vitamins (particularly
vitamin C)>, rosmarinic acid®* and a high intake of fresh
fruit and some vegetables have a protective effect against
lung diseases.™

Adverse health effects of neuronal uptake of nanoparticles

Experimental evidence suggests that the initiation and
promotion of neurodegenerative diseases, such as
Alzheimer’s disease, Parkinson’s disease, Pick’s disease, are
associated with oxidative stress and accumulation of high
concentrations of metals (like copper, aluminum, zinc, but
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especially iron) in brain regions associated with function
loss and cell damage.” However, it is not known if the
presence of metals in brain of subjects with
neurodegenerative diseases is due to nanoparticles
themselves translocating to the brain or their soluble
compounds.** Recent studies on DNA damage in nasal and
brain tissues of canines exposed to air pollutants shows
evidences of chronic brain inflammation, neuronal
dysfunction, and similar pathological findings with those of
early stages of Alzheimer’s disease.”” Epidemiological
studies show a clear association between inhalation of dust
containing manganese and neurological diseases in miners™
and welders.”” Some welders develop Parkinson’s disease
much earlier in their life, usually in their mid forties,
compared to the sixties in the general population.’

Antioxidants and metal chelators are treatment options for
the adverse health effects caused by the neuronal uptake of
nanoparticles. Functionalized fullerenes™ and nanoparticles
made of compounds holding oxygen vacancies show great
antioxidant properties.” It appears that the antioxidant
properties depend upon the structure of the particle but they
are independent of its size within 6-1000 nm.

Adverse health effects of circulatory system uptake

Translocation of nanoparticles into the circulatory system
was correlated with the appearance of thrombi (or blood
clots)™*? and cardiovascular malfunction.”* Thrombosis
occurs during the first hour after exposure of nanoparticles.
There is a clear dose-dependent response correlating the
quantity of pollutant administered and the observed
thrombus sizes.'®** It is clear from clinical and experimental
evidence that inhalation of nano and microparticles can
cause cardiovascular effects.”” Although causal link between
the particles in the lungs and cardiovascular effects is not
entirely understood but it is believed that the pulmonary
inflammation caused by the particles triggers a systemic
release of cytokines, resulting in adverse cardiovascular
effects. However, recent studies on animals® and humans®'
have shown that nanoparticles diffuse from the lungs into
the systemic circulation, and then are transported to the
organs, demonstrating that cardiovascular effects of instilled
or inhaled nanoparticles can arise directly from the presence
of nanoparticles within the organism.

Adverse health effects of liver and kidney uptake

Translocation and accumulation of nanoparticles in liver
and kidney causes potentially adverse reactions and
cytotoxicity which may lead to diseases. Dental prosthesis
debris internalized by intestinal absorption can lead to
severe health conditions, including fever, enlarged spleen
and liver, suppression of bile flow, and acute renal failure.*®
After the removal of dental bridges, and subsequent
treatment with steroids, it has been observed that the clinical
symptoms decline.*® Slow clearance and tissue accumulation
of potential free radical producing nanomaterials as well as
prevalence of numerous phagocytic cells in the organs of the
reticuloendothelial system (RES) makes organs such as the
liver and spleen main targets of oxidative stress. In the liver,
further metabolism of nanomaterials by cytochrome P450,
may result in hepatotoxicity by reactive intermediates.*
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Adverse health effects of gastro-intestinal tract uptake

In the intestinal tract there is a complex mix of
compounds, enzymes, food, bacteria, etc., that can interact
with ingested nanoparticles and reduce their toxicity.'
Nanoparticles of carbon, ceramic filosilicates, gypsum,
sulphur, calcium, silicon, stainless steel, silver, and
zirconium® have been constantly found in colon tissue of
subjects affected by cancer, Crohn’s disease, and ulcerative
colitis, while in healthy subjects they could not be traced.*®
Recently, it has been suggested that there is an association
between high levels of dietary nanoparticles (100 nm-1pm)
and Crohn's disease.” Exogenous nanoparticles were found
in macrophages accumulated in lymphoid tissue of the
human gut, the lymphoid aggregates being the earliest sign
of lesions in Crohn's disease.”’ It is believed that genetic
predisposition plays a role in development of Crohn’s
disease increasing risk of some members of the population
after intake of nanoparticles."' Some evidence suggests that
dietary nanoparticles may exacerbate inflammation in
Crohn’s disease.”* The diseases associated with gastro-
intestinal uptake of nanoparticles including Crohn’s disease
and ulcerative colitis have no cure and often require surgical
intervention.

Adverse health effects of dermal uptake

Many manufacturing processes pose an occupational
health hazard by exposing workers to nanoparticles and
small fibres, as suggested from the intracellular uptake of
MWCNTs by human epidermal keratinocytes.” This can
explain beryllium sensitization in workers wearing
inhalation grotective equipment exposed to nanoparticulate
beryllium.* Also, this may be relevant for latex sensitivity
and other materials that provoke dermatologic responses.
Lymphatic system uptake of nanoparticles via the dermis is
shown to cause podoconiosis® and Kaposi’s sarcoma.®
Titanium dioxide commonly used as a physical sunscreen
although reflects and scatters UVB and UVA light rays but
can absorbs a substantial amount of UV radiation which in
aqueous media leads to the production of reactive oxygen
species which can cause substantial damage to DNA.?
Reports regarding the toxicity of titanium dioxide
nanoparticles in the absence of UV radiation are
contradictory. Nanoparticles were seen to have no
inflammatory effect or genotoxicity in rats® while several
other studies reported that titanium dioxide caused chronic
pulmonary inflammation in rats.”

It is known that silver has a beneficial antibacterial effect
when used as a wound dressing, reducing inflammation and
facilitating healing in the early phases™ but the same
property that bestow their antimicrobial attributes may
render them toxic to human cells. It has been reported that
the concentrations of silver that are lethal for bacteria are
also lethal for both keratinocytes and fibroblasts’ raising
serious concerns on the applicabilities for human benefits.

Conclusion
With the rapid increase in the use of nanomaterials in

everyday consumer products, manufacturing processes and
medical products, it is obvious that people involved in
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production as well as consumers could have exposure to
these potentially toxic nanoparticles. It is argued that the
unusual physiochemical properties of nanomaterials that
lead advancements in the field of nanotechnology could also
be responsible for their potential toxicity to the system.
Nanoparticles show varied adverse health effects in
respiratory, circulatory, nervous, gastrointestinal and dermal
systems. There are various possible routes for their toxicities,
however, interactions with the mitochondria and cell
nucleus are being considered as main sources of in vivo
toxicity. Although in vivo toxicities can occur through
diverse mechanisms but the main molecular mechanism
involved is induction of oxidative stress which cause
damages to biological components through oxidation of
lipids, proteins and DNA. Increasing exploration of
nanotechnology reveals newer and newer particles with
many unique properties; however, there exist considerable
wide gap between the available data on the nanomaterials
production and in vivo toxicity evaluations which could
possibly subjugate further fabrication of NPs owing to
increasing health concern. This review indicates that only
few specific nanoparticles have been investigated in a
limited number of test systems and extrapolation of this data
to other materials is not possible. Therefore, despite the
existing research database on nanoparticles, no uniformly
applicable reports about human toxicity can be given at this
time. In addition, limited ecotoxicological data for
nanomaterials precludes a systematic assessment of the
impact of nanoparticles on ecosystems. The large number of
variables influencing toxicity means that it is difficult to
generalise about health risks associated with exposure to
nanoparticles and each new nanoparticle must be assessed
individually and all material properties must be taken into
account. For nanomaterials to enjoy status of repute in the
application arena, it is crucial to have thorough
understanding of their in vivo toxicities and our attempt to
shed light on some of their toxicological aspects is a step
forward in this regard.
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