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Abstract: Engineered nanomaterials (ENMs) are a diverse group of materials finding
increasing use in manufacturing, computing, food, pharmaceuticals, and biomedicine due to
their very small size and exceptional properties. Health and safety concerns for ENMs have
forced regulatory agencies to consider preventive measures and regulations for workers’ health
and safety protection. Respiratory system toxicity from inhalable ENMs is the most important
concern to health specialists. In this review, we focus on similarities and differences between
conventional microparticles (diameters in mm and pwm), which have been previously studied,
and nanoparticles (sizes between 1 and 100 nm) in terms of size, composition, and mechanisms
of action in biological systems. In past decades, respirable particulate matter (PM), asbestos
fibers, crystalline silicate, and various amorphous dusts have been studied, and epidemiologi-
cal evidence has shown how dangerous they are to human health, especially from exposure in
working environments. Scientific evidence has shown that there is a close connection between
respirable PM and pulmonary oxidative stress through the generation of reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS). There is a close connection between oxidative
stress in the cell and the elicitation of an inflammatory response via pro-inflammatory gene
transcription. Inflammatory processes increase the risk for lung cancer. Studies in vitro and
in vivo in the last decade have shown that engineered nanoparticles (ENPs) at various doses
can cause ROS generation, oxidative stress, and pro-inflammatory gene expression in the cell.
It is assumed that ENPs have the potential to cause acute respiratory diseases and probably lung
cancer in humans. The situation regarding chronic exposure at low doses is more complicated.
The long-term accumulation of ENPs in the respiratory system cannot be excluded. However,
at present, exposure data for the general public regarding ENPs are not available.

Keywords: engineered nanomaterials, nanoparticles, oxidative stress, inflammation, safety
evaluation, respiratory diseases

Introduction
In the beginning of the 21st century, engineered nanomaterials (ENMs) and their
applications in a great range of biomedical, pharmaceutical, and consumer products
caused great excitement among the scientific and engineering communities. Total
worldwide sales revenues for nanotechnology were US$11.6 billion in 2009, and are
expected to increase to more than US$26 billion (11% increase) in 2015." The work-
force in nanotechnology products is expected to reach 6 million by 2020, and annual
investment in global nanotechnology research and development (R&D) will increase
substantially from US$17.8 billion (2010).

Much has been written in the scientific literature about ENMs and the possible
dangers to human health and the environment.** ENMs are a diverse group of
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materials finding increasing use in manufacturing, energy,
motorcars, textiles, computing, food, pharmaceuticals,
and biomedicinal products due to their very small size and
exceptional engineered properties. The percentage distribu-
tion of ENM applications in 2007 was as follows: chemicals
53%; semiconductors 34%; electronics 7%; aerospace
and defence 3%; pharmaceuticals and healthcare 2%; and
automotive 1%.58

From the beginning, the applications of nanotechnology
products raised concerns among toxicologists and occu-
pational health and safety (H&S) specialists over risks to
human health and the environment. Adverse health effects
from ENMs are expected to be observed in workers who
are exposed during the manufacturing process, prepara-
tion, and formulation of ENMs in various stages of product
formulation. Consumers are the second line of concern
regarding ENM exposure during their use, especially with
inhalation or skin penetration. Another group of ENM users
are patients receiving nano-biomedical applications and
delivered pharmaceuticals with the help of nanoparticle
technologies. Exposure may therefore occur in a variety of
occupational settings where ENMs are used, handled, or
processed and consequently become airborne and can be
inhaled, or come into contact with the skin; for example, in
contexts from healthcare or laboratory work, to maintenance
or construction work.” 2

The most important route of exposure to various par-
ticles (environmental or occupational) remains inhalation
and subsequent risks to the respiratory system because of
their minute size and penetration into the lung’s alveoli.
Coarse particles range in size between 10,000 nm and
2,500 nm (1 nm =10~ m); fine particles between 2,500 nm
and 100 nm; and ultrafine particles (UFPs) between 100
nm and 1 nm.

Studies in recent decades have indicated that fine
particles of toxic and carcinogenic chemicals with high
persistency can influence toxicological mechanisms.
These particles have the potential to generate reactive
oxygen species (ROS), oxidative stress, inflammation, and
carcinogenic mechanisms in the respiratory system.'* !¢
Additionally, tobacco smoke and environmental airborne
respirable particulate matter (PM) can act synergisti-
cally to increase inflammatory reactions and risk for lung
carcinogenesis.!”8

H&S concerns for ENMs have forced regulatory agencies
to consider preventive measures and regulations. The Euro-
pean Union (EU) legislation on worker protection applies
to nanomaterials, although it does not refer explicitly to

them. Of particular relevance are the Framework Directive
1989/391/EEC (H&S of workers at work), the Chemical
Agent Directive 1998/24/EC (H&S of workers from the risks
related to chemical agents at work), and the Carcinogen and
Mutagen Directive 2004/37/EC (protection of workers from
the risks related to exposure to carcinogens or mutagens).
ENMs are also covered by the legislation on chemicals (EC
1907/2006, Registration, Evaluation, Authorisation and
Restriction of Chemicals; REACH), and the CLP Regulation
(Classification, Labelling and Packaging, EC No 1272/2008)
that ensures that the hazards presented by chemicals are
clearly communicated to workers and consumers in the
EU.

The Environmental Protection Agency (EPA) and other
regulatory H&S bodies in the USA are using a compre-
hensive environmental assessment approach to identify
and prioritize research to support future assessments and
risk management decisions for ENMs. The EPA is using
scientific methods to research what ENMs are, and how
they act, travel, and change over time. The EPA’s Chemical
Safety and Pollution Prevention Office and other regulatory
bodies in the last decade have made chemical and regulatory
decisions to better protect human health and the environ-
ment from ENMs."

The US Food and Drug Administration (FDA) regulates
a wide range of products (foods, cosmetics, drugs, devices,
veterinary products) that may utilize nanotechnology or
contain nanomaterials. In April 2012, the US FDA issued
two product-specific draft guidance documents to address the
use of nanotechnology by the food and cosmetics industries
as part of the US FDA’s ongoing implementation of recom-
mendations from the US FDA’s 2007 Nanotechnology Task
Force Report.?

Similar H&S laws and regulations have been initiated in
other developed industrialized countries. The Organization
for Economic Co-operation and Development (OECD) has
introduced a database, Research into the Safety of Manufac-
tured Nanomaterials, which helps to identify research gaps
and assist researchers in future collaborative efforts. The
database also assists the projects of the OECD’s Working
Party on Manufactured Nanomaterials (WPMN) as a resource
of research information.?"??

H&S regulations mean that employers are required to
assess and manage the risks of ENMs at work. If the use
and generation of ENMs cannot be eliminated or substi-
tuted with less hazardous materials and processes, worker
exposure must be minimized through prevention measures,
technical control measures at source, organizational safety

72 submit your manuscript

Dove

Lung Cancer:Targets and Therapy 2013:4


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Toxicity and safety of nanomaterials in the lung and respiratory system

measures, and, as a last resort, use of personal protection
equipment.

Similarities of conventional coarse,
microparticles, and fine particles
with engineered nanoparticles
(ENPs)

In the present paper, we use the terms “coarse”, “micropar-
ticles”, and “fine particles” for a range of respirable PM and
mineral fibers that have been the subject of research efforts
in the working environment in recent decades; whereas the
size of superfine particles from combustion sources is very
close to that of nanoparticles.

For comparison reasons, it is important to address simi-
larities and differences between coarse particles, micropar-
ticles, and fine and superfine particles versus nanoparticles
in terms of size, composition, and mechanisms of action
in biological systems. Respirable PM, mineral fibers (eg,
asbestos), crystalline silicate, amorphous dusts, and aero-
sols occur naturally, but most of the dangerous inhalable
PM is anthropogenic in origin. PM from combustion is a
complex, heterogeneous mixture that encompasses many
different chemical components and physical characteristics,
many of which have been cited as potential contributors to
toxicity. Airborne combustion particles from fossil fuels are
considered to be the main atmospheric particulate pollut-
ants that can lodge in the lungs and cause oxidative stress,

initiate inflammatory responses, and promote carcinogenic
mechanisms to lung tissues.??*

Over the last few decades, many studies have been
carried out with various dusts, inorganic and organic par-
ticle mineral fibers, cement dust, crystalline silica, and fly
ash in the size range of 10-100 um: inhalable suspended
particles with diameters of 10 um (PM,; 1 um=10-6 m),
or smaller and airborne fine particles (dynamic diameter
of 2.5 wm; PM, ;). UFPs have a diameter less than 100 nm,
and automobile exhaust soot is in the range of 0.01-1 um
(PM, ). UFPs are deposited in the lungs, where they have
the ability to penetrate tissue and undergo interstitialization,
or to be absorbed directly into the bloodstream. Size and
surface properties are very important. Exposure to UFPs,
even if components are not very toxic, may cause oxidative
stress and inflammatory damage and could induce lung
diseases.>?’

Coarse particles and microparticles have, for decades,
been the subject of numerous toxicological studies, and
their relationship to respiratory adverse health effects has
been observed in various occupational environments. Also,
airborne PM (PM,,, PM, ,
connected to respiratory morbidity and premature mortality

and PM ) in urban areas has been

by numerous epidemiologic studies.?*30

ENMs constitute an emerging man-made pollution source
that is, so far, literally buried beneath much larger natural
sources and ultrafine (with nanosize particles) pollution from
automobile exhaust soot in urban areas. Irrespective of size,

Table | Particles with proven lung carcinogenic effects in animals and/or humans (most of the classifications are also classified by the

International Agency for Research on Cancer, IARC)

Metal oxides, mineral fibers, particles, Source

and fine and superfine particles

Exposure, rat and human (IARC)

Particulate matter (PM, , PM,, PM,)) Ambient, inhalable air pollutants Possibly carcinogenic?
(unknown fraction)
NiO Exhaust + (positive, carcinogenic)
Quartz (crystalline silica) Constructions + (positive, carcinogenic)
Asbestos insulation Mining + (positive, carcinogenic)
Carbon black Pigments, toner, tires + (possibly carcinogenic)
Refractory ceramic fibers Insulation + (possibly carcinogenic)
Wood dust Furniture, making, saw mills + carcinogenic (some types)
TiO, Pigments, sunscreens + (positive, animals)
Diesel exhaust Vehicular engines, cars + (positive, carcinogenic)
Talc Cosmetics, mining + (positive, only animals)

Volcanic fly ash Ambient
Coal mine dust, graphite, cement

Iron oxides

Mining, occupational, paints, construction
Pigments, paramagnetic, diagnostics

+ (positive, only animals)
Not classifiable
+ (mixed results)

Abbreviations: NiO, nickel oxide; TiO,, titanium dioxide.

Notes: Particulate matter size is given in nm (0.1, 2.5, and 10 nm) Data from Knaapen et al.*' Adapted with permission from Borm PJ, Schins RP, Albrecht C. Inhaled particles

and lung cancer, part B: paradigms and risk assessment. Int | Cancer. 2004;110(1):3—14.2
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some particles, such as metal dusts, welding fumes, and
quartz dust, are inherently toxic, while others have a much
lower toxicity, but can cause inflammatory toxic effects in
the lungs. This is especially true for biodurable particles
without known specific toxicity, including mineral dusts,
carbon black, coal-mine dust, titanium dioxide (TiO,), and
others as listed in Table 1.

Scientific studies have identified a variety of mechanisms
that play key roles in particle-induced chronic and acute respi-
ratory diseases. In high concentrations and with prolonged
exposure in occupational environments, PM can advance
lung carcinogenesis. The most important mechanisms are
1) generation and oxidative action by ROS and reactive
nitrogen species (RNS), causing extensive lipid peroxidation
(cellular membranes), enzyme, and DNA damage; 2) oxida-
tive stress; 3) ROS-stimulated signaling moieties involved
in many carcinogenic pathways (induction of cell and tissue
proliferation, angiogenesis, etc); and 4) inflammation-driven
processes with high significance for lung mutagenesis and
carcinogenesis.?*

In vitro observations demonstrate inflammation-indepen-
dent particle effects related to the physicochemical properties
of particles (eg, surface activity, polycyclic aromatic hydro-
carbons [PAHs], nitro-PAHs, metals with redox potential,
etc); however, the outcomes of in vitro and in vivo studies
should be interpreted with caution for risk-assessment pur-
poses, as they are mainly the result of high-dose exposures
for long periods of time that are unlikely to be relevant for the
human situation, ie, exposure in urban environments.>

Additionally, many epidemiologic studies have provided
experimental support for associations between various
microscale PM exposure and adverse pulmonary effects in
occupational environments. Upon deposition, PMs can trigger
ROS/RNS production, inflammatory processes that potential
lead to airway obstruction, compromised gas exchange, and
the exacerbation of pre-existing conditions. Occupational
and urban exposure to PM is associated with lung pathology,
including chronic obstructive pulmonary disease (COPD),
bronchitis, asthma, and lung cancer.>”*

Differences between ENPs

and inhalable mineral fibers, coarse,
micro-size, and fine particles
Experimental results with ENPs indicate that various
physicochemical characteristics and factors cause nano-
particles to behave significantly differently than conven-

tional mineral fibers, and coarse or micro-size particles
(see Table 2).4041

Single constituent material, or a composition of several clean
Large surface area and high particle number per unit mass
ENPs might aggregate into vastly different shapes. Sizes
Unexpected optical characteristics, quantum effects
Discontinuous behavior due to quantum confinement effects in
materials. These factors affect the chemical reactivity of ENMs

They are slightly soluble and insoluble in water
Photoactivity, phototoxicity

Ultrafine particles <0.| um (aggregates)
Interaction of ENPs with solvent

ENPs
Nanopowders agglomerates, nanocrystals

Ultrafine and ENPs
I X 10°~1 x 107 nm
Smooth property scaling

1-100 nm
affect solubility

materials

2.5 um

Multiple components, PAHs,

Tobacco smoke 0.01—-1 um
Low solubility or insoluble

Soot 0.01-0.5 um

PM2.5
Various shapes, porous

Fine particles
0.01-2.5 um

(size 2,500—100 nm)
organics, inorganics
Light scattering

surfaces

Microparticles

10-100 um

Ceramics, glass, metals
0.3-300 um

Asbestos, minerals, fibers
=100 um fly ash

(size: 10,000-2,500 nm)
Varied, metal oxides, mineral
salts, several constituent dusts
Various shapes, crystalline
Insoluble, low solubility
Light scattering

-2 mm very coarse sand

125-250 um fine sand
(size: 100,000—-10,000 nm)

Coarse particles

SiO,, metal salts, mineral
Atoms at surface insignificant
in relation to bulk mass
Insoluble

Low solubility

Sparingly soluble

Refractive index

Light scattering

dusts, etc

I nm)

60 1m; lung alveoli

400 um; C,;

Abbreviations: ENMs, engineered nanomaterials; ENPs, engineered nanoparticles; PAHs, polycyclic aromatic hydrocarbons; SiO,, silicon dioxide.

Table 2 Similarities and differences of coarse particles, microparticles, fine particles, and ultrafine and ENPs

Physical and chemical
characteristics
Chemical composition
Optical properties,
Quantum dot effect

Shape and surface
photoactivity

Size (examples:

hair
Solubility
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Shape and surface

In ENPs, the arrangement of molecules on the surface
causes smooth property scaling due to the fraction of
atoms at the surface. In bulk materials larger than 1 um,
the percentage of atoms at the surface is insignificant in
relation to the number of atoms in the bulk mass of the
material. The unusual properties of ENPs are therefore
largely due to the large surface area and high particle
numbers per unit mass, which greatly influence their cel-
lular uptake. Probing these various interfaces allows the
development of predictive relationships between structure
and activity that are determined by nanomaterial proper-
ties such as size, shape, surface chemistry, roughness,
and surface coatings. All these physicochemical aspects
have proved very important with regards to the safe use
of nanomaterials.*>*

Examining the influence of shape and size of nanoparti-
cles on cell interactions has proved crucial in toxicity. Another
very important factor is that, even though nanoparticles dis-
play a certain size after synthesis, during in vitro and in vivo
studies they might aggregate into vastly different shapes and
sizes.* Nanoparticle behavior, ie, dispersion or aggregation,
plays an important role in toxicity (including photo-oxidation
products). Carbon nanotubes (CNTs) apparently have greater
pulmonary toxicity (inflammation, granuloma) in mice than
does fine-scale carbon graphite, and their metal content may
affect toxicity.*

Solubility
Toxic effects of ENPs may be attributed to two different
actions: chemical toxicity based on the chemical com-
position (eg, release of toxic ions), and particle surface
catalyzed reactions that generate damaging ROS. Dif-
ferentiating between these two types of cytotoxicity is
not straightforward, especially when particles are par-
tially dissolved during culture treatment. In order to test
this proposal, seven different industrially relevant oxide
nanoparticles were tested with two well established cell
lines (one human, one rodent). The results confirmed that
solubility greatly affected the cell culture response to the
nanoparticles. Therefore, it appears reasonable to group the
different nanoparticles into slightly soluble and insoluble
nanomaterials.*®

Another physical phenomenon that drew the attention of
scientists researching ENPs was dissolution (the dynamic
process by which a particle goes into the solution phase to
form a homogeneous mixture). Translocation and disposition
have been shown to play a key role in the fate and biological

effects of inhaled particles and fibers. Concepts that have
been applied in the micron size range can be usefully applied
to the nanoscale range. Solute concentration, surface area,
surface morphology, surface energy, dissolution layer
properties, adsorbing species, and aggregation are relevant
parameters in considering dissolution at the nanoscale.
Dissolution is a critical step for some ENPs in determining
biological fate in the environment and within the human
body. 748

Optical properties, photoactivity,
redox potential
ENPs often possess unexpected optical characteristics
as they are small enough to confine their electrons and
produce quantum effects. Changes in optical properties
at the nanoscale level are the result of electrons not being
as free to move as they are in bulk materials. The very
large surface-to-volume (S/V) ratio has a major influ-
ence on their optical and surface properties. As a result,
semiconductor nanomaterials have attracted significant
attention in research and applications in energy conver-
sion, photonics, and biomedicine. ENPs have played a
critical role in many important chemical reactions as
reactants or photocatalysts and their reactivities are often
altered or enhanced due to size-dependent changes in
their redox potentials and high density of active surface
states. Although the potential for the generation of ROS
by ENPs is useful in various applications (degradation of
pollutants), it can be dangerous in the respiratory system
or to aquatic organisms (from nanomaterial waste in the
aquatic environment).*-°

A typical example is TiO, nanoparticles, which are highly
photoactive; their photocatalyst functions drive much of the
application demand for TiO,. TiO, has been used in various
ENMs, especially in antibacterial coatings and wastewa-
ter disinfection. However, at the same time, TiO, has the
potential for cytotoxicity. In vivo tests of TiO, toxicity with
aquatic organisms have typically shown low toxicity, and
results across studies have been variable. Overall, oxida-
tive stress in seawater contaminated by TiO, can decrease
the resiliency of marine ecosystems. Phototoxicity must be
considered when evaluating the environmental impacts of
various ENMs.>!

Quantum dot (QD) effects

ENPs show discontinuous behavior due to quantum
confinement effects in materials with delocalized elec-
trons. QD factors affect the chemical reactivity of ENMs,

Lung Cancer:Targets and Therapy 2013:4
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as well as their mechanical, optical, electric, and magnetic
properties (superparamagnetism). These properties make
ENMs superior to various applications (site-specific medical
imaging, drug delivery, etc) but also increase the cytotoxicity
of ENMs. QDs are an additional characteristic affecting a
rational risk assessment of ENMs. There are mechanisms
by which QDs can damage cells, including oxidative stress
elicited by ROS.>?

Suspensions

Suspensions of ENPs are possible, since the interaction of
the particle surface with the solvent is strong enough to over-
come density differences, which otherwise usually results in
a material either sinking or floating in a liquid. Suspensions
of ENPs in aquatic environments are potentially dangerous
to aquatic organisms. Experiments regarding the potential
ecotoxicity of nanosized TiO,, silicon dioxide (SiO,), and
zinc oxide (ZnO) in water suspensions were conducted in
test organisms. These photosensitive nanomaterials were
observed to be harmful.?® Similarly, the potential for eco-
toxicity from various metal oxide nanoparticle suspensions
released to aquatic environments were tested with zebrafish
96 hour embryo—larval bioassay. Results demonstrated that
ENPs of ZnO were very toxic to zebrafish embryos and
larvae.**

Chemical composition

ENMs are considered chemically uniform by one or more
chemical pure constituents. Coarse minerals are salts
with impurities, microparticles can have two or more

1 microparticle
60 pm diameter

components, combustion products are highly toxic pol-
lutants with mixed compositions of oxidative, toxic, and
carcinogenic substances (heavy metals, PAHs, dioxins,
etc). Nanoparticles can be composed of a single pure
constituent material or be a composite of two to three
chemical materials.

Toxicological results indicate that most ENPs have pro-
duced an array of different toxic effects in many different
types of in vivo and in vitro studies. The types of effects that
ENPs have produced are those on the pulmonary, cardiac,
reproductive, renal, and cutaneous systems, as well as on
various cell lines. After inhalation exposure, significant accu-
mulations of ENPs have been found in the lungs, brain, liver,
spleen, and bones of test species. Toxicity of ENPs has been
linked to their surface properties. Soluble ENPs are rendered
toxic because of their constituents; however, the situation is
entirely different for insoluble ENPs. Stable metal oxides
do not show any toxicity, whereas metallic ENPs that have
redox potential may be cytotoxic and genotoxic.

To illustrate size differences between a conventional
size strand of hair, microparticles, and nanoparticles,
Figure 1 presents one carbon microparticle with a diameter
of 60 um, which has a mass of 0.3 pg and a surface area
of 0.01 mm? Nanoparticles with a diameter of 600 nm
can have 1 million particles, whereas nanoparticles with
a diameter of 60 nm have a surface area of 11.3 mm? and
consist of 1 billion nanoparticles (Figure 1). The S/V ratio
(or mass) for a particle with a diameter of 60 nm is 1,000
times larger than a particle with a diameter of 60 um. As
aresult, chemical reactivity is substantially enhanced. The

1 billion nanoparticles
60 nm diameter

1 million particles
600 nm diameter

(size of human hair)

Human hair

Figure | Comparative sizes for (from left to right) human hair (60 um diameter), spherical microparticle of the same diameter, | million particles 600 nm diameter, and

| billion nanoparticles of 60 nm diameter.

Note: Reproduced from Buzea C, Pacheco Il, Robbie K. Nanomaterials and nanoparticles: sources and toxicity. Biointerphases. 2007;2(4):MR | 7-MR71 .2

The article/figure is published under Creative Commons License 2.0 CC-BY.38.
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atoms situated at the surface have fewer neighbors than
bulk atoms, resulting in lower binding energy per atom.
Reduced binding energy per atom can cause a decrease in
melting point.*?

Potential respiratory toxicity and

carcinogenesis of inhaled ENPs
Based on past toxicological studies of the relationship
between inhalation of PM (so-called conventional particles,
coarse, fine, and superfine) and respiratory diseases, sci-
entists directed their attention to similar effects relating to
ENPs. The potential of ENPs inhaled under various expo-
sure conditions to cause oxidative stress in the respiratory
system and, subsequently, inflammation and initiation of
lung carcinogenesis has been under investigation in the last
decade.’¢®

Experimental data have shown limited evidence that
ENPs cause acute respiratory diseases and lung cancer in
humans. Until now, manufactured microparticles and UFPs
(nanosize), such as TiO,, carbon black, crystalline silica,
aluminum dust, etc, have been produced for many decades,
but epidemiologic evidence of an increased cancer risk from
exposure to these particles in humans is very limited.*-
However, in the case of long-term exposure to asbestos
fibers, especially blue asbestos (crocidolite) in occupa-
tional environments, there is positive evidence of increased
risk for lung carcinogenesis, multiplying substantially in
combination with tobacco smoking because of synergistic
effects.®63

Nanosized durable fibrous materials such as CNTs have
raised safety concerns similar to those raised about asbestos
fibers. However, the mechanism by which particulates with
ultrafine structure cause inflammation and ultimately cancer
(eg, malignant mesothelioma and lung cancer) is largely
unknown. This is partially because the particulates are not
uniform and they vary in a plethora of factors (length, diameter,
surface area, density, shape, contaminant metals, and crystallin-
ity). These factors play an important role in particulate toxicity
both in vitro and in vivo. Thus, the elicited biological responses
from fibrous nanomaterials are very complicated.*

Toxicologists in the last decade have investigated many
mechanistic pathways to test the potential for ENPs to initiate
inflammation and subsequently to cause cancer, based on data
from toxicology of conventional particles and on data accumu-
lated so far. The evidence thus far does suggest that harmful
nanoparticles have, in general, the same types of effects at the
cellular level as coarse and bulkier particles. Scientists have

to make the distinction that ENPs are heterogeneous, like
larger particles, in the type of damage they can cause to the
respiratory system. Results showed that ENPs have the ability
to increase the formation of ROS/RNS and other oxidants, to
cause oxidative stress, inflammation and initiation (and promo-
tion) of carcinogenic mechanisms or/and genotoxicity.*>¢’

Are ENPs capable of initiating
biological mechanisms

of carcinogenesis?

Currently, there is little evidence as to the carcinogenic
effects of ENPs in humans. In addition, there are few recent
in vivo studies addressing a cancer endpoint for ENPs. We
can examine the stages of mechanisms leading to initiation
of carcinogenic processes.

Generation of ROS/RNS by ENPs

in the biological cell environment
The first indication of biological damaging effects is the
ability of the nanoparticle to generate ROS or RNS in the
vicinity of or inside the cell. This is normally the response
of airway epithelium to particles entering the lungs through
inhalation. The most important oxidative ROS and RNS
are the hydroxyl radical (HO*), the superoxide anion (O,),
alkoxyl radical (RO®), hydrogen peroxide (H,O,), and the
peroxynitrite O=ONO. They can cause oxidative damage
to lipid membranes, protein—enzymes, and cellular or mito-
chondrial DNA (cDNA, mtDNA).56

Past studies show that respiratory exposure to conventional
PM is thought to impact on genotoxicity as well as on cell
proliferation via the PM’s ability to generate ROS and
RNS. Although evidence suggests that ROS/RNS mediate
particle-induced genotoxicity and mutagenesis, there is a
long process leading to neoplastic changes.” Experiments
showed that ROS could arise indirectly due to the effects
of internalized particles on the mitochondrial respiration
system or in depletion of antioxidant species within the cell.
Studies with nanoparticles (nano/ultrafine, cerium oxide, and
hematite nanoparticles) showed that they have the potential
to damage lung cells, leading to lung cancer, as well as to
cause lipid peroxidation, depletion of glutathione levels after
72 hours’ exposure to MRC-5 lung fibroblast cells.’® 7

Biokinetic mechanisms

of ENPs in the body

Understanding the biokinetics of ENPs in biological systems
can provide important information on internal doses to
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secondary organs and is essential to designing and interpret-
ing in vitro toxicity studies. Unlike free or loosely bound
molecules, the transport, accumulation, transformation,
and clearance of nanomaterials in the human body is inti-
mately associated with physical form as well as chemical
composition.”7

Inhalation studies using iridium nanoparticles (15 and
80 nm) have demonstrated the translocation of inhaled
particles to extrapulmonary organs.” Of particular con-
cern from experimental studies has been the nature of
interactions between nanoparticles and the central nervous
system.”® Experiments showed that inhaled nanopar-
ticles can translocate to the central nervous system via
olfactory neurons following nasal deposition and induce
significant inflammation-related effects. This transport
route is unique to nanometer-scale particles and raises the
possibility of previously unidentified organ-specific doses
and responses.”%

Mechanisms of oxidative stress

by ENPs at the cellular level

The generation of ROS/RNS at the cellular level by ENPs
subsequently causes oxidative damage to important biomole-
cules and depletion of antioxidant enzymes and small
molecular-weight antioxidants (eg, ascorbic acid, vitamin E).
The extent to which ROS accumulate is determined by the
antioxidative system, which enables organisms to maintain
proteins and other cellular components in an active state for
metabolism. Redox homeostasis is governed by the presence
of large pools of these antioxidants that buffer reductants
and oxidants. Redox signal transduction is another universal
feature of aerobic life honed through evolution to balance
information from metabolism and the environment. Oxidative
stress in aerobic life is the result of an imbalance between
the production of ROS and a biological system’s ability to
detoxify the reactive intermediates or to repair the resulting
damage ?'-%

The scientific literature already contains experimental
data showing that ENPs can generate ROS, which overwhelm
antioxidant defenses in the cellular environment and, as a
consequence, develop oxidative stress. This is considered a
valid mechanism for toxicity studies of ENPs.3+%¢

It has been shown experimentally that water-soluble
fullerenes, TiO, nanoparticles, CNTs, and many other
ENPs induce the production of ROS, lipid peroxidation, and
oxidative stress, as well as generation of proinflammatory
response in tissue cultures and in animal studies. Inevitably,
respiratory oxidative stress is very prominent in inhalation

studies of ENPs. The relative importance of oxidative stress
lies in the ability to mediate to a number of active processes
in the cells, such as apoptosis, DNA adduct formation and
pro-inflammatory gene expression. Nanosized particles have
high efficiency for deposition in the upper and lower regions
of the respiratory tract and can be retained in the lungs for
a long period of time. Potentially, ENPs can induce oxida-
tive stress and cause greater inflammatory effects than their
fine-sized equivalents.*’-*

Lung inflammation as a result
of oxidative stress by ENPs

Scientific evidence has shown that there is a close connec-
tion between oxidative stress in the cell and the elicitation
of an inflammatory response via pro-inflammatory gene
transcription. Many studies have reported pro-inflammatory
effects of ENPs at various doses on pro-inflammatory gene
expression in the cell. The redox-responsive nuclear factor
(NF)-xB and activator protein (AP)-1 transcription factors
have also been reported to be activated in mononuclear
phagocytes (MNP)-exposed cells.”* In addition, numerous
studies report the induction of inflammation itself in the lungs
following deposition of ENPs by intratracheal installation or
inhalation exposures.”*

Are ENPs potential carcinogenic

or/and genotoxic agents?

The generation of ROS, oxidative stress, and inflammation
by ENPs inevitably raises the question of carcinogenicity
and/or genotoxicity. If nanoparticles can directly interact
with the cellular DNA and cause mutagenic-type damage
(oxidative, strand breaks, lesions, adducts, etc), they can
promote mechanisms of carcinogenesis.

Some of the studies of genotoxicity of ENPs were
focused on transition metals, which are the largest source
of nanomaterials. The nanosize of these metallic particles
means they are easily transported into biological systems,
thus raising the question of their toxic and carcinogenic
effects on the susceptible systems. Scientists suggest that,
although advances have been made and insights have been
gained on the effect of ENPs with transitional metals (Co,
Ni, Cu), there remains much ground to be covered, particu-
larly with respect to our knowledge on their genotoxic and
carcinogenic effects.”

A recent review (2011) compared in vitro genotoxic-
ity studies for inorganic nanomaterials with occupational
exposure studies of carcinogenicity and epidemiological
data. Nearly all types of nanomaterials and control dusts
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used in the in vitro assays showed genotoxic effects in cell
cultures, such as cobalt-chromium (Co-Cr) particles, diesel
soot, SiO, (crystalline and amorphous), TiO,, carbon black;
however, this was not consistent in all studies. The overall
results of these studies showed that only about 50% were
positive.”

Nanoparticles with reactive surfaces may undoubtedly
generate inflammation more readily, and inflammation could
be sufficiently intense to lead to secondary carcinogenesis
via the oxidants that can damage important biomolecules
and mitogens produced during inflammation. There is some
evidence in vitro that ENPs can penetrate cellular membranes
and gain access to the genetic material of the nucleus. Recent
studies also suggest some similarities between the pathogenic
properties of multi-walled CNTs and those of asbestos fibers.
CNTs can cause genetic aberrations by a primary mechanism
additional to the inflammation-mediated mechanism.’”-*’

A review (2009) examined a number of studies investigat-
ing the carcinogenic potential of ENP materials, such as TiO,,
carbon black, CNT, and fullerenes, to the lung of female rats.
CNT-induced mesotheliomas were applied intraperitoneally
in rats and mice. Data for fullerenes (C,)) were insufficient
to evaluate carcinogenic risk. Sub-chronic toxicity data
indicated that, in general, nanoparticles form aggregates
and agglomerates and cause foreign body reactions at their
applied sites with inflammatory cells, including macrophage
infiltration.!” These findings are similar to those regarding
the biological effects of asbestos, a potent carcinogen, and
indicate that careful risk assessment of ENPs is still in the
phase of in vivo experimentation. Therefore, it will take a
number of years to prove carcinogenic risk to humans and to
allow for extensive epidemiological studies.!*!-1%

Metal and metal oxide nanoparticles have a prominent
position in the engineered nanoproducts, and there is a wide
range of applications for a variety of ENMs. Inevitably,
research on their cytotoxicity and carcinogenic potential is
considered very important, as is their potential for adverse
health effects and safety problems. A recent review (2012)
summarized genotoxic effects of metal nanoparticles from
recent scientific literature. The studies indicated that some
types of metal nanoparticles can cause both DNA strand
breaks and chromosomal damages in experimental animals.
However, their genotoxic effects depend not only on particle
size, surface modification (particle coating), and exposure
route, but also on exposure duration. The reviewers noted that,
due to considerable inconsistencies in the results and the lack
of standardized test methods, a reliable hazard assessment
of metal nanoparticles is still limited.'%*

Metal oxide nanoparticles that are used in various
ENMs are also under investigation for potential exposure
and hazards. A 2010 review focused on ZnO nanoparticles
destined for use in modern sunscreens, and discuss the poten-
tial for human exposure and the health hazard at each stage
of their manufacture (for exposed workers and consumers
who were going to use the sunscreen products). The review-
ers examined many research papers but could not reach a
firm conclusion as to the hazards; they highlighted a need
for further research.'®

Gold and silver nanoparticles also have many applications
in various ENMs. A 2010 review focused on the safety and
evaluation of toxicity associated with human exposure to
silver and gold nanoparticles, due to the relative abundance
of toxicity data available for these particles. From past stud-
ies, it is known that inflammatory, oxidative, genotoxic, and
cytotoxic consequences are associated with silver particu-
late exposure. The primary site of gold and silver particulate
accumulation has also been demonstrated to be the liver
(in vitro studies). However, in general, there is a lack of in
vivo and in vitro toxicity information that allows correlations
between the findings to be made. Instead, a focus on the tissue
distribution of particles following exposure is evident within
the available literature.'%

Despite the uncertainties or mixed results of the in
vivo studies, the findings to date on the carcinogenic
potential of nanomaterials must be taken seriously, and
precautionary measures to minimize exposure should go
hand in hand with the development of a comprehensive
and conclusive toxicological methodology and testing
procedure for nanostructured materials that includes
all possible exposure routes. Furthermore, criteria for
evaluating nano-specific carcinogenic properties should be
constantly updated and adapted to the state of knowledge.
There is a need here for amendments to be made to EU
legislation, as currently various ENMs and certain types
of nanoparticles do not represent a separate category of
substance in their own right.!%’

Conclusion

The nanotechnology field is a fast-growing technological
field with significant breakthroughs, and several products
are commercially available. Studies in vitro and in vivo,
and past research on superfine particles in the last decade,
have shown that the toxicological data for ENPs, although
are very incomplete until now, are adequate to alert scien-
tists as to future health and safety problems for workers
and consumers. In particular, inhaled nanoparticles can
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cause extensive oxidative damage and inflammation of the
respiratory system and end up in the bloodstream or the
nervous system. ENPs are so tiny that small quantities could
have major toxic effects in the respiratory system. Despite
the uncertainties, many scientists suggest that the findings to
date on the carcinogenic potential of nanomaterials must be
taken seriously. H&S authorities must develop comprehen-
sive toxicological methodology and testing procedures for
ENPs. Criteria for evaluating the carcinogenic properties of
ENPs should constantly be updated and adapted to the state
of knowledge. There is a need for amendments to be made
to legislation in the EU and in developed countries to cover
specific H&S problems of ENPs and the commercial applica-
tions of nanoproducts.
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