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45. Environment, Health and Safety Issues
in Nanotechnology

Rui Chen, Chunying Chen

With the rapid development of nanotechnol-
ogy and its application, lots of nanomaterials
or nanorelated products are now used in soci-
ety. Nanotechnology offers substantial economic
and societal benefits, but its impacts on en-
vironment, health, and safety (EHS) issues are
not clearly understood or defined. Interactions
between nanomaterials (sourced from nanotech-
nology development) and the human body and
even with the ecological system have attracted
much concern. In this chapter, the impacts of the
development of nanotechnology on EHS issues
has been surveyed focusing on present knowledge
of the most important nanomaterials, dominant
physicochemical characteristics which contribute
to relevant toxicities, and state-of-the-art tech-
niques and established biomarkers within this
research field. This information may not be enough
to fill the knowledge gap concerning the impacts
of nanotechnology on EHS, but should help scien-
tists and authorities to realize the risks involved
and to take steps for sustainable development in
the foreseeable future.
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45.1 Impacts of the Development of Nanotechnology on Environment,
Health, and Safety Issues

As illustrated in this handbook, nanotechnology has
undergone broad development in terms of the tech-
niques of characterization, fabrication, and manufac-
turing to keep pace with actual requirements from
fields such as electronics, cosmetics, catalysis, gas
sensing, energy storage, structural materials, environ-
mental remediation, medical diagnostics, and drug de-
livery [45.1]. Nanomaterials (NMs) or nanoparticles
(NPs) with novel physicochemical properties are the
main products or research subjects in nanotechnology
development. Among such properties, the most signif-
icant change in the properties of NPs is the increase

in the surface-to-volume ratio compared to their large
bulk counterparts. Importantly, the emergence of these
products and research subjects, along with their appli-
cations and extinctions has led to great concern over
adverse impacts on the environment, health, and safety
(EHS). NPs may be released into the environment with
the possibility of human or ecosystem exposure at vari-
ous stages in their life cycles (Fig. 45.1). It is proposed
that NPs may enter the body and accumulate in organs,
such as lung, liver, spleen, kidneys, or brain, poten-
tially causing harm or death to humans and animals,
and the release of NPs into the environment might
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Fig. 45.1 The impacts of the development of nanotechnology on environment, health, and safety (EHS). The red arrows
show the flows of nanomaterials to the environment: production, use, and disposal of nanoproducts, and release in the en-
vironment. The brown arrows show the potential health and safety impacts from procedures initiated by the development
of nanotechnology

harm the ecological system. Consequently, the field of
nanotoxicology emerged around 2004 to 2005 in an at-
tempt to answer critical questions related to these EHS
issues [45.2, 3]. Oberdörster [45.4] defined nanotoxi-
cology as the study of the adverse effects of engineered
nanomaterials (ENMs) on living organisms and the
ecosystem, including the prevention and amelioration
of such adverse effects. According to a report [45.5]
from the Committee to Develop a Research Strategy
for Environmental, Health, and Safety Aspects of En-
gineered Nanomaterials (National Research Council,
USA), there are many issues in relation to EHS of NMs:

1. Engineered nanomaterial sources and manufactur-
ing

2. Modifications, fate, and transport
3. Bioavailability and dose
4. Effects on organisms and ecosystems.

As particularly important for EHS, topics related to
nanotoxicology and ecotoxicology of NMs will be paid
the most attention in this chapter.

NMs/NPs are also defined as nanosized materi-
als/particles that have at least one dimension less
than 100 nm. Man-made NMs are generally called
engineered nanomaterials (ENMs). Ultrafine particles
(UFPs) refers to airborne particulates of less than
100 nm in aerodynamic diameter, i. e., particles gen-
erated through the use of nanotechnology, diesel ex-
haust particles, products of cooking, heating, and wood
burning in indoor environments [45.9]. Alongside the
booming development of nanotechnology, life-cycle as-
sessment of EHS impacts is important yet difficult to

carry out because of the lack of enough detail on the
ENMs [45.6]:

1. The manufacturing processes of newly developed
NMs are usually evolutional, i. e., with constant
changes before final standardization. Thus, EHS
impacts could vary considerably among different
production procedures.

2. The formula of NMs and related manufacturing pro-
cesses are new and often subject to confidentiality
constraints in the nanotechnology industry.

3. NM release and ecotoxicology impacts are ambigu-
ous at both the nanoproduct use and application
stage and at the final disposal and recycling process
stage.

This means risk estimations for impacts of NMs on
EHS vary from one scenario to another. However, we
still need to deepen our understanding of such impacts
from the whole life-cycle perspective in order to ad-
dress uncertainties over possible future outcomes. This
may help to bridge the knowledge gap and provide an
opportunity to improve the health and safety of scien-
tists, workers, and consumers who work with or use
NMs/NM products or are exposed to nanoparticles in
society.

The NM production process plays an important role
in nanotechnology.This is because a high release poten-
tial correlates directly with the mass production process
of NMs, generally involving pure and uncombined na-
nomaterials. Thus, workers in this environment are not
only at the forefront of risk due to advancements in na-
notechnology, but also their working environments have
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Table 45.1 Production/utilization quantities of ten nanomaterials in the world and in Europe (in t=yr). Reproduced with
permission from [45.8]

ENMs Worldwide (t=yr)
median and 25=75 per-
centile

Europe (t=yr)
median and 25=75 per-
centile

US (t=yr) [45.6]
range

Switzerland (t=yr) [45.7]
in brackets values ex-
trapolated to Europe

TiO2 3000 (550�5500) 550 (55�3000) 7800�38 000 435 (38 000)b

ZnO 550 (55�550) 55 (5:5�28 000) 70 (6100)
SiO2 5500 (55�55 000) 5500 (55�55 000) 75 (6500)
FeOx 55 (5:5�5500) 550 (30�5500) 365 (32 000)
AlOx 55 (55�5500) 550 (0:55�500) 0:005 (0:4)
CeOx 55 (5:5�550) 55 (0:55�2800) 35�700
CNT 300 (55�550) 550 (180�550) 55�1101 1 (87)
Fullerenes 0:6 (0:6�5:5) 0:6 (0:6�5:5) 2�80
Ag 55 (5:5�550) 5:5 (0:6�55) 2:8�20 3:1 (270)
Quantum dots
(QDs)

0:6 (0:6�5:5) 0:6 (0:6�5:5)

a The median and the 25=75 percentile are given, rounded to two significant numbers.
b The values in brackets for Switzerland were extrapolated using the population of Switzerland (6:9 million) to Europe (593 million)

high priority for the establishment and implementation
of responsible practices [45.10]. The basis of evaluation
of EHS impacts from nanotechnology is the structure of
the ENM life cycle. The first step in NM release assess-
ment is to obtain knowledge of the production process
which determines the maximum amount of NMs that
could potentially be released to the environment. This
means that the most accurate estimation of NMs that
could potentially be released to the environment may
be the one that is based on the production volume of
the raw nanomaterials. In 2012, Piccinno et al. [45.8]
summarized the production quantities of ten engineered
nanomaterials based on their own survey and other liter-
ature sources [45.6, 7]. NMs like silica, titania, alumina,
iron oxides, and zinc oxides dominate the ENM mar-
ket in terms of mass flow through the global economy
(Table 45.1). Within this list, TiO2 is by far the most
significant ENM in terms of exposure based on model-
ing estimation [45.11, 12]. The modeling of the NM’s
flow should generally track its entire life cycle which
is illustrated in Fig. 45.1: this includes ENM produc-
tion, incorporation into products, ENM release from
products during use, transport and disposal of ENM
during and after recycling processes, transfer to air, soil,
water and sediments (ecosphere), and transport within
environmental compartments of the nature system. The
amounts of ENM in said compartments provides the
basis for calculating the overall environmental con-
centrations of ENM [45.13]. Recently, using dynamic
probabilistic material flow modeling, Sun et al. [45.14]
found that the concentrations of all ENMs in all com-
partments of the nature system are increasing with
the increase of production and applications of ENMs,
i. e., of nano-TiO2, nano-ZnO, nano-Ag, and carbon

nanotubes (CNTs) for example, in the world. ENMs
generally enter the Earth’s surface water first and end
up in the sediment where the accumulated concentra-
tions of CNTs and nano-TiO2 were estimated to be
6:7�g=kg (CNTs) and about 40mg=kg (nano-TiO2) in
the worst-case scenario [45.14]. The concentration of
NMs in the nature system is a crucial factor in the eval-
uation of EHS impacts. However, one report shows that
Ag ENM contributed to a higher ecotoxicity to fresh-
water algae, daphnia, and fish compared to TiO2 ENMs,
even though a much lower concentration had accumu-
lated in the ecosystem [45.15].

In nanotechnology there are two principle nanoscale
manufacturing strategies: the top-down and the bottom-
up approach [45.16]. The top-down approach begins
at the bulk level and involves miniaturization to na-
noscale dimensions via carving or grinding methods,
i. e., lithography, etching, or milling. The bottom-up ap-
proaches begin at the atomic or molecular level with
growth through nucleation and/or growth from liquid,
solid, or gas precursors via chemical reactions or phys-
ical processes, i. e., through techniques like sol-gel or
epitaxy [45.16, 17]. The top-down approach dominates
compared to the bottom-up approach, but it is believed
to produce more waste. It has been suggested that the
bottom-up approach represents should be emphasized
in order to minimizing the unwanted waste for sustain-
able development in nanotechnology [45.17].

The release of NMs during production and manu-
facturing not only constitute a possible release pathway
to the environment, but also has high relevance in regard
to occupational exposure. With no release and no expo-
sure there will be no impact on EHS. Actually, from
a life-cycle viewpoint there is significant impact from
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the process of NM production. Figure 45.2 shows a typ-
ical occupational NM-handling setting where ENMs
could be released, emitted, and transported, result-
ing in actual exposure to workers [45.18]. Exposure
assessment andmanagement are critical in order to min-
imize impacts on the production environment, although
there are too many variants in application situations.
Detailed procedures and strategies for occupational ex-
posure assessment and risk evaluation can be found

in the literature [45.10, 18]. Further, appropriate risk
management practices including engineering control
systems in working environments or personal protec-
tive equipment (PPE) for individuals are important but
beyond the scope of this chapter. In addition, it would
be informative if more effort is paid in the future
to evaluations of impacts during use and application
processes, and the final disposal of nanorelated prod-
ucts.

45.2 Current Progress of the Most Important Nanomaterials

45.2.1 Carbon Nanotubes

Much of the concern associated with nanotechnology
comes from the potential risks of CNTs [45.19, 20].
Typically a few nanometers in diameter, CNTs are long
and thin cylinders of carbon with a single wall or mul-
tiple walls defined as single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWC-
NTs), respectively. They have a needle-like shape and
are strong and tough in character, similar to asbestos.
In vitro evidence showed that exposure to CNTs could

reduce viability, induce apoptosis, and cause DNA (de-
oxyribonucleic acid) damage [45.23, 24]. These adverse
effects may result from the interruption of cellular re-
dox status after CNT exposure, e.g., increasing ROS
(reactive oxygen species) and malondialdehyde (MDA)
levels, as well as altering superoxide dismutase (SOD)
activity and glutathione peroxidase (GSH-Px) levels as
previously reported [45.25–27]. In vitro studies based
on mammalian cell models often show inconsistent re-
sults because of the different cell lines, doses, and
exposure times used. However, in vivo pulmonary tox-
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Fig. 45.3a–h The phagocytosis of asbestos and CNTs by macrophages. (a,b) Histological sections show incorporation
of long-fiber amosite (a) (arrow) leading to frustrated phagocytosis, but short-fiber amosite (b) (see inset) is success-
fully phagocytosed by peritoneal macrophages. (c) Representative image of a foreign body giant cell after injection of
long-fiber amosite containing short fiber fragments. (d) Like long-fiber amosite, long CNTs (> 15�m) also lead to frus-
trated phagocytosis in peritoneal macrophages (EC, erythrocytes). (e) In contrast, short CNTs (< 5�m) can be readily
phagocytosed (see inset). (f) Foreign body giant cells (FBGC) are also present after injection of long CNTs in peritoneal
macrophages (see inset for internalized fibers) (PMN, polymorphonuclear leukocyte; LC, lymphocyte). (g) Representa-
tive optical microscope image to show the in vivo cellular uptake of MWCNTs by alveolar macrophages. (h)MWCNTs
promote pulmonary fibrosis through the TGF-ˇ/small mothers against decapentaplegic (Smad) signaling pathway. All
images are shown at �1000 magnification with a 5�m scale bar (after [45.21], (g,h) from [45.22] reprinted with per-
mission)

icity studies usually show CNT causing clear adverse
toxicity effects. It has been found in animal experiments
that exposure to long CNTs (longer than 15�m) at the
mesothelial lining of the body cavity of mice will result
in asbestos-like, length-dependent, pathogenic behav-
iors including inflammation and granulomas [45.21].
The macrophages at the mesothelial lining may re-

sort to frustrated phagocytosis and giant cell formation
caused by macrophage fusion in inflammatory condi-
tions when attempting to phagocytose or engulf long
CNTs (Fig. 45.3a–f). These results suggest a poten-
tial link between inhalation exposure to long CNTs and
mesothelioma which is generally regarded as the spe-
cific type of cancer caused by inhalation exposure to
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asbestos, although it remains unknown whether there
will be sufficient exposure in the environment or work-
place to actually cause it.

Granuloma formation and/or fibrotic responses in
the lungs are the dominant injuries after inhalation ex-
posure to CNTs. It is worth noting that long CNTs have
much more significant effects [45.22, 28]. The underly-
ing mechanisms were systematically investigated in our
lab. The alveolar macrophages show the same frustrated
phagocytosis phenomenonwith peritonealmacrophages
when phagocytosing longMWCNTs (Fig. 45.3g). It was
found that TGF (transforming growth factor)-ˇ1 could
be induced in alveolarmacrophages or released from the
bronchiolar epithelium by MWCNT exposure, which
plays an important role in MWCNT-caused pulmonary
fibrosis (Fig. 45.3h). At the same time, the fibroblast-
specific protein-1, ˛-smooth muscle actin, and collagen
III were significantly upregulated by the induction of
TGF-ˇ1 [45.22]. Further research showed TGF-ˇ1 se-
creted from macrophages serves as a critical paracrine
stimuli to fibroblasts by directly activating TGF-ˇ/small
mothers against decapentaplegic homolog 2 (Smad2)
signaling in fibroblasts or epithelial cells. This stimula-
tion then induces the fibroblast-to-myofibroblast transi-
tion and epithelial–mesenchymal transition (EMT), re-
spectively, both of which contribute to CNT-induced fi-
brotic responses [45.28].

The inhalation of carbon nanotubes has a high
possibility to induce pulmonary fibrosis but also can
directly cause acute and serious injuries to the pul-
monary system [45.30, 31]. In our research, we tested
the pulmonary toxicity of SWCNTs by intranasally in-
stilling exposure using the spontaneously hypertensive
rat model [45.32]. The inflammation, oxidative stress,
and cell damage levels in the bronchoalveolar lavage
fluid (BALF) were significantly increased at 24 h pos-
texposure. The increased endothelin-1 in BALF and
plasma and angiotensin I-converting enzyme in plasma
suggested endothelial dysfunction in the pulmonary
circulation and peripheral vascular thrombosis. Histo-
logical data on lung tissues showed that SWCNT-laden
macrophages move to centrilobular locations and form
multifocal pulmonary granuloma [45.32]. The forma-
tion of pulmonary granuloma lesions were the result of
the lungs’ immune response to the foreign substances
that can not easily be eliminated [45.33, 34]. Further,
the subchronic toxic effects and cardiovascular effects
of CNTs were disclosed at 7 and 30 days postexpo-
sure to the inhalation system in rats [45.35]. These
results suggest that respiratory exposure to CNTs not
only induces acute pulmonary toxicity but also poses
long-term adverse effects on the whole cardiovascular
system. Humans with existing cardiovascular diseases
are also susceptible to CNT exposure.

Knowledge of biodistribution and biopersistence in
the body can help better understand the potential ef-
fects of their exposure to humans. Using the Raman
spectroscopy mapping method it has been found that in-
haled CNTs have the ability to penetrate deep into the
lungs, cross the pulmonary epithelium, and enter the
bloodstream [45.36]. Then, the extrapulmonary trans-
port of CNTs was disclosed after inhalation exposure in
C57BL/6 J mice by testing at 5 h=day for 12 days with
a concentration of 5mg=m3 in a whole-body inhalation
system [45.29]. It has been shown that inhaled MWC-
NTs, whichwere deposited in the lung,were transported
to the parietal pleura, the respiratory musculature, liver,
kidney, and heart in a singlet form and accumulated
even until day 336 postexposure (Fig. 45.4). Similar
biodistribution evidence for CNTs in liver, kidneys, and
spleen has been reported after exposure to MWCNTs in
rats using the inhalation system [45.35, 37]. After en-
tering the blood circulation, CNTs will interact with
blood proteins, i. e., fibrinogen (BFg), immunoglobu-
lin, albumin, transferrin (Tf), and ferritin. Indications
showed that there was a competitive binding of differ-
ent blood proteins onto the surface of SWCNTs, which
was governed by each protein’s unique structure and
the amount of hydrophobic residues of each kind of
protein (Fig. 45.5). Atomic force microscopy (AFM)
images indicated that the adsorption of transferrin and
BSA (bovine serum albumin) quickly reached thermo-
dynamic equilibrium at about 10min, while fibrinogen
and gamma-globulin ( -Ig) gradually packed onto the
SWCNT surface in a much longer period of about 5 h.
Both fluorescence spectroscopy and SDS-PAGE have
shown surprising competitive adsorptions among all the
blood proteins examined, with the competitive order:
BFg>  -Ig> Tf> BSA. The far-UV circular dichro-
ism (CD) spectra observation shows that the protein sec-
ondary structure has greatly changed for BFg and  -Ig,
with a decrease in the ˛-helical content and an increase
in the ˇ-sheet structure (Fig. 45.5g). In addition, our
molecular dynamics simulations of SWCNTs binding
with BFg, BSA,  -Ig, and Tf complexes showed that
both the contact residue numbers and binding surface
areas exhibited the same sequence order: BFg>  -Ig >
Tf > BSA, in agreement with the experimental findings.
Further analysis showed that the �–� stacking inter-
actions between SWCNTs and aromatic residues (Trp,
Phe, and Tyr) play a critical role in their binding capabil-
ities. These different protein-coated SWCNTsmay have
different cytotoxicity by influencing the subsequent cel-
lular responses [45.38].

The knowledge on the ADME (absorption, distri-
bution, metabolism and excretion) of NMs could give
help on the understanding of their adverse impacts
to EHS. Much more research efforts should be taken
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Fig. 45.4a–g Extrapulmonary biodistribution of CNTs after inhalation exposure. (a) Field-emission scanning electron
microscopy (FESEM) images of alveolar macrophages 1 and 336 days postexposure. Arrows show the typical examples
of MWCNT fibers protruding from the surface of alveolar macrophages (black arrow multiple fibers, white arrows
singlets). (b–e) Enhanced dark-field images of tissue sections 1 and 336 days after CNT inhalation exposure. Tissues
are from tracheobronchial lymph nodes, diaphragm, kidney and brain, respectively. (f) Percentage of 1 day postexposure
lung burden detected in tracheobronchial lymph nodes, extrapulmonary organs, diaphragm, and chest wall. By 336 days
postexposure there was a 7-fold increase in MWCNT in extrapulmonary organs and diaphragm over that measured at
1 day postexposure. Categories of extrapulmonary organs are ordered relative toMWCNT concentration in the respective
tissue. Asterisks indicate significant difference between day 1 and 336 days postexposure values, P < 0:05. (g) Light and
enhanced dark-field micrographs of MWCNTs detected in lavage of pleural space. The figure shows a comparison of the
light and enhanced dark-field image of a singlet MWCNT in lavage of the pleural space in mice at 336 days postexposure
(after [45.29])
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Fig. 45.5a–g The interactions between SWCNTs and human blood proteins (BFg, -Ig, Tf, BSA). AFM images of
proteins after incubation with SWCNTs for 10min (a) and 5 h (b). Molecular modeling illustrations for proteins (bead
representations) binding to SWCNTs after incubation for 10min (c) and 5 h (d). (e) Locations of the most preferred
binding sites on proteins for SWCNTs. Residues highlighted in van der Waals representation corresponding to tyrosine
in red and phenylalanine in green. Other protein parts are presented in transparent pink with the new cartoon drawing
method. (f) The detailed orientations of aromatic rings of tyrosine and phenylalanine residues interacted to six-member
rings of SWCNTs colored in silver. The tyrosine residues are rendered as Licorice representations and shown in red,
with phenylalanine residues are in green. (g) The far-UV circular dichroism (CD) spectra of proteins after incubation
with SWCNTs and the insets are near-UV CD spectra of proteins incubated with SWCNTs (after [45.38])

on this topic for CNTs. Other carbon NMs including
fullerene and derivatives, graphene, and graphene ox-
ide have a lower production quantity compared with
CNTs (Table 45.1). Even so, a cautious attitude should

Fig. 45.6a–g Cytotoxicity and genotoxicity analysis of BSA-coated AgNPs in the cell line CHO-K1. TEM (transmis-
sion electron microscope) images of CHO-K1 cells when treated with 10�g=ml of AgNPs for 6 h (a) and 24 h (b).
For cells treated with AgNPs and AgC, shown in the figure are changes in mitochondrial activity (c) by CCK-8 assay
and intracellular ROS levels (d) that were labeled by DCFH-DA fluorescence density and determined by flow cytom-
etry. DNA adducts induced by AgNPs and AgC after 24 h exposure (e). Methylmethanesulfonate (MMS) was used as
a positive control. DNA oxidative adduct, 8-hydroxydeoxyguanosine (8-OxodG), which can be induced by AgNPs and
AgC after 24 h exposure (f). Fluorescence microscopic images of micronuclei induced by AgNPs and AgC after 24 h
exposure (g). Statistically significant difference from control is expressed as .P < 0:05/ and significant difference be-
tween AgNPs and AgC for the same amount of silver is expressed as (.P< 0:05/. Reproduced with permission from
Elsevier [45.39] I

be taken with all these carbon nanomaterials [45.40].
More information and data on the impact of these car-
bon NMs on EHS are urgently needed to support future
effective assessment.
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45.2.2 Silver Nanoparticles

With excellent antimicrobial activity, silver nanoparti-
cles (AgNPs) are widely used as a major ingredient in
industrial, consumer, and medical products [45.41, 42].
For example, AgNP-related products have been used
in consumer products such as surface cleaners, room
sprays, toys, antimicrobial paints, home appliances,
food storage containers, textiles, and medical prod-
ucts including wound dressings, surgical instruments,
urinary catheters, and bone prostheses. Several investi-
gations have shown that silver-containing textiles could
release significant amounts of Ag into the washing liq-
uid when laundering fabrics [45.43–46]. It is inevitable
that these discharged silver ions or silver nanoparticles
are released into the ecosystem through sewer systems
and constitute a high impact on EHS [45.47]. It has been
discerned that Ag mostly transforms and precipitates
to silver-containing particles like Ag2S or AgCl dur-
ing handling or disposal processes [45.46, 48]. Further,
recent studies revealed that the reduction of AgC in nat-
ural waters can form AgNPs naturally via the mediation
of dissolved organic matter or sunlight [45.49–51]. This
means that silver has complex transformation mecha-
nisms in the environment [45.52].

As release from source products is inevitable, there
is a high possibility that AgNPs will enter the human
body and distribute within the circulation system or
the organs after exposure. It has been shown that Ag-
NPs are captured by the reticuloendothelial system and
quickly distributed to other tissues after entering the
blood [45.53–56]. In detail, AgNPs were mostly dis-
tributed to the liver, spleen, lung, and kidneys, and
much less to the brain, heart, and testes after i.v. ex-
posure [45.57, 58]. Interestingly, the concentrations of
Ag in the blood remains steady with a slightly decreas-
ing trend till at least 14 days for a single i.v. injection
of AgNP, which means that AgNPs may be degraded
and removed in a time-dependent manner [45.59]. The
kinetic distributions of AgNPs in the body are impor-
tant because they determine relevant toxicity. However,
the mechanism of AgNP toxicity has not been clearly
defined. Currently, there are three hypotheses to ex-
plain the toxicity of AgNPs after exposure. First, the
ions released from NPs contribute to their toxicity.
Second, the toxicity is caused through a silver ion-
independent mechanism. Third, the Ag ions released
from the endocytosed AgNPs in the cell dominate
the toxicities, and this generally happens at endosome
or lysosome locations. In reality, a combination of
these may lead to the AgNP toxicity mechanism. Jiang
et al. [45.39] showed that AgNPs were mostly localized
in the endosome/lysosome in Chinese hamster ovary
(CHO-K1) cells after exposure (Fig. 45.6a,b). Then,

the cytotoxicity and genotoxicity of BSA-coated Ag-
NPs on CHO-K1 were investigated. This showed that
both BSA-AgNPs alone and Ag ions can up-regulate
the cellular ROS level with the production of ox-
idative adducts, 8-hydroxydeoxyguanosine (8-OxodG),
and induce the formation of micronuclei (Fig. 45.6c–
f). The genotoxicity of AgNPs is prominent within
the induced adverse outcomes, and merit special at-
tention in future [45.60, 61]. Further research in our
lab showed that there is a high possibility that Ag-
NPs will cause adverse effects by the third mechanism
listed above. Evidence concerning the intracellular fate
of AgNPs is derived using x-ray absorption near-edge
structure (XANES) spectroscopy, which is used to
study the degradation and biointeraction of nanopar-
ticles in biological systems [45.62, 63]. About 14:2%
of the internalized silver was oxidized to Ag�O� af-
ter 12 h incubation of AgNPs in the CHO-K1 cell line.
While 61:5% of the silver was present as Ag�S�
after 24 h, suggesting that binding of Ag to sulfide
groups of amino acids and proteins may be involved
in the dissolution process of AgNPs. This intracellu-
lar binding of silver ions to proteins disrupts protein
structure and function, thereby resulting in toxic ef-
fects [45.64].

The surface charge and various surface coatings of
AgNPs play an important role in in vivo and in vitro
toxicity, biodistribution, and pharmacokinetics [45.65].
Branched polyethyleneimine (BPEI)-coated AgNPs led
to the highest toxicity in cells and mice, while the
nearly neutral polyethylene glycol (PEG)-coated Ag-
NPs showed low toxicity and long half-life in blood,
indicating a high potential for application in medical
products [45.65]. This means that the safety of silver
NMs can be improved by adoption of particular surface
coating strategies in their application [45.66–68]. Im-
proving our understanding of the toxicity mechanisms
of AgNPs could help with their safety evaluation and
potential risks to EHS, and from different aspects such
understanding may contribute to facilitating the design
of safer and more effective antimicrobial products in the
future.

45.2.3 Zinc Oxide Nanoparticles

Zinc oxide NPs have been used in personal care prod-
ucts including cosmetics and sunscreens as they effi-
ciently absorb ultraviolet radiation and are also highly
transparent to visible light. Attracting great concern
are potential impacts through human exposure and
health impacts at each stage of their manufacture and
use [45.69, 70]. Dermal penetration is the first step in
evaluating the toxic impacts of ZnO NPs on humans
in regard to their long-term skin retention character.
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Gulson et al. [45.71] tested the penetration efficiency
of ZnO NPs by focusing on 68Zn from enriched 68Zn
particles in sunscreens. Small amounts of 68Zn tracer
were tested in the blood of 20 human volunteers who re-
ceived twice daily applications over 5 days. The highest
68Zn concentrations were found in females after expo-
sure to the 68Zn nanoparticles [45.71]. This means that
long-term retention of NMs on the skin may lead to
dermal penetration by outer particles, although usually
at the trace amounts level. For damaged skin, exposure
of epidermal and dermal cells to high concentrations of
ZnO NPs is sure to cause cytotoxicity and undesirable
immune responses, which will instigate the penetration
of even more particles to even deeper sites or even into
the lymphatic or blood circulation [45.70, 72].

Inhalation exposure to ZnO fumes in the work-
ing environment can affect normal bodily functions,
for example by causing metal fume fever, which is
characterized in humans by short-term pulmonary and
systemic alterations and is caused by inhalation of metal
oxide aerosol [45.73]. It has been reported that hu-
mans exposed to ZnO particle fumes (MMD 300 nm) at
2:5mg=m3 for 2 h developed symptoms of metal fume
fever with a significant increase of cytokine interleukin
(IL)-6 in peripheral blood [45.74]. Human clinical ex-
perimental study showed that inhalation exposure of
ZnO fumes for 10 to 30min at a high concentration of
20�42mg=m3 increased the number of proinflamma-
tory cytokines and neutrophils in BALF [45.75]. Ani-
mal experiments illustrated that inhalation of relatively
lower concentrations of ZnO NPs, 1:1 to 4:9mg=m3

with occupationally relevancy for 2week, can gener-
ate similar inflammation outcomes in the BALF in
rats [45.76]. The National Institute for Occupational
Safety and Health (NIOSH) recommended the permis-
sible exposure limit of 5mg=m3 averaged over a work
shift of up to 10 h=day, 40 h=week for zinc oxide
fume inhalation exposure (NIOSH, publication number

0675). Whereas no exposure limit is available for nano-
ZnO aerosol to date.

Both in vitro and in vivo systems illustrated that
mechanisms underlying ZnO NP toxicity similarly in-
clude generation of ROS and subsequent DNA damage
and apoptosis [45.77–79]. Oxidative stress produces
free radicals and has been implicated in various adverse
outcomes. For example, Sharma et al. [45.80] showed
that significant DNA damage in a human epidermal
cell line (A431) occurred upon ZnO NP exposure for
6 h at relatively higher concentrations (0:8mg=ml to
5mg=ml), while oxidative stress was induced at lower
concentrations (0:008�0:8mg=ml). Zinc ions released
from the NPs serve as another key determinant for
the toxicity of ZnO NPs [45.81]. Previous research
showed that surface coating can considerably mitigate
the cytotoxic potential of ZnO NPs by inhibiting ion
release and/or minimizing ROS production, i. e., sil-
ica shell [45.82] and PEGylation [45.83]. In our own
recent research, we found preincubation of ZnO NPs
in a supplemented cell culture medium for 24 h could
form a hard protein corona on the NP surface. These
precoated stable protein layers on the NP surface facil-
itated further protein adsorption during the cell culture
process. The amount of proteins adsorbed on precoated
NPs could inhibit both ROS generation and ZnO dis-
solution and result in lower cytotoxicity [45.84]. This
finding demonstrates an effective and convenient way
to achieve safe biomedical and environmental appli-
cations of ZnO NPs. Besides surface coating, particle
size, aspect ratio, doping type, and doping concentra-
tion all contribute to their toxicities [45.85]. Quantita-
tive structure–activity relationships (QSAR) modeling
is a powerful tool to predict how these physicochemi-
cal properties affect the toxicities of ZnO NPs [45.86].
Thus, there is a high chance of developing applicable
models to guide the design and optimization of ZnO
NPs with safe characteristics in terms of EHS issues.

45.3 Physicochemical Characteristics of Nanoparticles that Determine
the Toxicity Impacts

Conventional toxicology places emphasis on chem-
ical composition, dose, and exposure route as the
primary variants in toxicity assessment of a chemi-
cal or a bulk material. However, many other factors,
especially the physicochemical characteristics of na-
noparticles, should be considered when we perform
the same work in nanotoxicology (Fig. 45.7) [45.87].
This makes nanotoxicity evaluation much more com-
plex and difficult than conventional toxicology [45.88].
There are two types of toxicity-related variants: in-

trinsic factors such as nanostructure, size, aggregation
state etc. as listed in the right column of Table 45.2,
and extrinsic factors, such as dose (presented by the
metrics of mass/surface area/particle number), cell-
/organ-specific responsiveness, exposure routes (e.g.,
pulmonary exposure, dermal exposure, oral gavage,
ocular exposure, intravenous/intradermal/intramuscu-
lar/subcutaneous/intraperitoneal administrations), and
biological species (e.g., rat, mouse, Caenorhabditis el-
egans, zebrafish, etc.) [45.87]. Understanding the func-
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assessment during real exposure scenarios (after [45.87])

tions of various physicochemical characteristics of NPs
would facilitate the intended design of products with
minimized EHS impacts in the future.

45.3.1 Particle Size and Surface Area

Particle size is a critical parameter in NM EHS im-
pacts, which generally leads to the arising of other
intrinsic factors. Particle size usually refers to the in-

dividual particle, not the agglomeration or aggregated
ones which form during production, application, re-
lease, and disposal processes. As NM size decreases,
the surface area=mass ratio exponentially increases and
more atoms are displayed on the particle surface com-
pared with the bulk material. The decreased particle
size and increased surface areas make the NM surfaces
more reactive to the surrounding biological compo-
nents. Therefore, chemical reactions including catalytic
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Table 45.2 Comparison of the physicochemical character-
istics that dominate the toxic responses of nanomaterials
with the bulk materials

Bulk material
or nanomaterials

Nanomaterials

Chemical composition Nanostructure (shape, crystal
forms)

Particle mass
concentration

Particle size/distribution

Reactivity Particle number
Conductivity Aggregation/agglomeration
Morphology (crystalline,
amorphous, shape, etc.)

Degree and state of dispersion
Zeta potential

Physical form (solid,
aerosol, suspension, etc.)

Quantum effects
Surface area

Purity/Impurities Surface charge
Surface modification Surface coating and chemistry
Solubility Surface structure, crystal face

Surface adsorbability
Self-assembly
. . .

reactions and redox reactions may occur at the surface
of NPs causing the formation of ROS (such as super-
oxide anions or hydrogen peroxide) and subsequently
oxidizing other interacting biomolecules. Many stud-
ies have indicated that a small size can increase toxic
effects compared to the bulk counterpart [45.89–92].
The particle size influences cellular uptake in vitro,
i. e., large latex spheres (>200 nm) had a slower up-
take and processing ability compared to smaller ones
(50 and 100 nm) [45.93]. In a well-known in vivo
study example, inhalation of ultrafine TiO2 particles
(20 nm diameter, 12week) showed significantly pro-
longed retention and more inflammation in lung than
the inhalation of fine TiO2 particles (250 nm diameter,
12week) [45.94]. This means that the physicochemical
characteristics of size and surface area have dominant
roles in determining toxic potential when NPs interact
with organisms.

45.3.2 Nanostructure and Shape

Engineered nanoparticles (ENPs) may exhibit various
shapes and structures, e.g., spheres, needles, tubes,
rods, etc. For example, CNTs exist as either SWCNTs
which are graphite sheets rolled to form a seamless
cylinder, orMWCNTs that have many cylinders stacked
one inside the other. Similar to CNTs, fullerenes are car-
bon allotropes composed entirely of carbon, but they
are different in form, e.g., hollow sphere, ellipsoid. One
representative fullerene is C60. CNTs and fullerenes
have various uses based on their novel physicochemical
characteristics, e.g., in the biomedical field of bioimag-
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Relative cytotoxicity (%)
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> >

MWCNTs C60
60

50

Fig. 45.8 The ranking of cytotoxicity of carbon NMs on
a mass basis is: SWCNTs>MWCNTs> C60. Reproduced
with permission from reference [45.96]

ing and therapy [45.95]. However, typically they have
poor solubility and are difficult to manipulate in sol-
vents or physiological solutions like serum, which influ-
ences their toxicity, metabolism kinetics, and biomedi-
cal functions [45.23]. One in vitro study showed that
SWCNTs, MWCNTs, and C60 exhibit quite different
cytotoxicity to alveolar macrophages, although they all
represent carbon materials (Fig. 45.8). The compar-
ative toxicities illustrated the following sequence on
a mass basis: SWCNTs > MWCNT (with diameters
ranging from 10 to 20 nm) > C60 [45.96]. CNTs with
different lengths contribute to obviously different lung
fibrosis potential after inhalation exposure [45.28]. Fur-
ther evidence showed that short-length MWCNTs not
only had lower toxicity but also higher cellular up-
take and more obvious removal ability compared to
longer versions, which can result in the higher promo-
tion of PC12 cell differentiation [45.98]. This means
that the cytotoxicity and even the bioeffects of differ-
ent carbon nanomaterials in vitro are highly dependent
on their nanostructures. In more research from our lab,
it was shown that anatase TiO2 particles had a much
higher toxicity than rutile ones on the central nervous
system [45.99]. The shape of nanoparticles is another
important factor that directly affects cellular uptake. For
example, it was shown that longer Au nanorods had
much less cellular uptake when compared to shorter
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Fig. 45.9a–f Shape and surface-coating determine cellular uptake of Au nanoparticles in Michigan Cancer Foundation-
7 (MCF-7) cells. Transmission electron microscope images of CTAB-coated Au nanorods with different aspect ratios:
(a) CTAB-1, (b) CTAB-2, (c) CTAB-3, and (d) CTAB-4. (e) shows the shape- and surface-coating-dependent cellular
uptake of Au nanorods coated by CTAB. (f) TEM images show the processes of cellular uptake. The Au nanorods form
aggregates, enter into vesicles in this form, and move into lysosome. Reproduced from [45.97], with permission from
Elsevier

ones, with similar particle surface charges used in the
test (Fig. 45.9) [45.24, 97]. Spherical Au nanoparticles
entered cells more easily than rod-shaped nanoparticles
which may be because a longer membrane wrapping
time is required for the rod-shaped particles [45.97].

45.3.3 Agglomeration and Aggregation

NPs have higher surface activity compared to larger
sized versions of the same chemical composition. On
this basis, the increased surface size also has a strong
tendency for agglomeration/aggregation. An agglom-
eration is a collection of particles that are loosely

bound together by relatively weak forces, including
van der Waals forces, electrostatic forces, simple phys-
ical entanglement, and surface tension, with a resulting
external surface area similar to the sum of the sur-
face area of the individual components. Aggregated
particles are a cohesive mass consisting of particu-
late subunits tightly bound by covalent or metallic
bonds due to a surface reconstruction, often through
melting or annealing of the surface, and often hav-
ing an external surface area significantly smaller than
the sum of the surface areas of the individual compo-
nents. Agglomerates may be reversible under certain
chemical/biological conditions whereas an aggregate
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will not easily release primary particles under normal
conditions [45.100]. Particulate matter in the air may
come from release during the ENM production pro-
cess. It usually represents a highly complex mixture
of particles with different sizes. Field research showed
that airborne NMs in occupational settings are mostly
200 to 400 and 2000 to 3000nm in diameter [45.101,
102]. However, in some special environments such as
metal processing, burning, photocopying or printing,
and nanomaterial handling processes, the nanopeak of
the aerosol is still extremely prominent [45.103–106].
The NMs in the air easily form agglomerates, which
influences absorption in the organism after deposition
in the inhalation system. The exact deposition dosages
of differently sized particles could be estimated by the
multiple path particle dosimetry (MPPD) model which
was developed for estimating dose in the lower respi-
ratory tract based on particle sizes [45.107, 108]. Toxic
effects within the body are usually dominated by the
NM agglomeration situation. It has been reported in
mice that temporary organ injury occurs in lung and
liver due to delayed clearance of agglomerated MWC-
NTs, while well-dispersed forms were easily eliminated
from these organs [45.109]. Similarly, highly agglomer-
ated SWCNTs cause more serious toxic effects on glial
cells in both the peripheral nervous system and central
nervous system compared with better dispersed SWC-
NTs [45.110]. In the estimation of the EHS impacts of
NMs, the extent of agglomeration/aggregation should
be taken into account and thoroughly investigated.

45.3.4 Chemical Composition, Purity,
and Impurities

The chemical composition, also defined as elemen-
tal composition and chemical structure, is an intrinsic
property of all materials. In the development of nano-
technology we see tremendously different NM chemi-
cal compositions. Roughly, there are four categories of
NMs based on their chemical composition:

1. Carbon nanomaterials (e.g., carbon nanotubes, na-
nowires, nanocantilevers, graphene, and fullerenes)

2. Metallic and metallic oxide materials (e.g., gold or
silver nanoparticles, magnetic nanoparticles, QDs,
titanium dioxide, and iron oxide)

3. Silicon nanomaterials (silicon or silica nanoparti-
cles)

4. Organic nanomaterials (e.g., DNA, polymers, poly-
meric micelles, liposomes, or nanoparticles pre-
pared from polymers or lipids).

Some NMs are a hybrid of different compositions,
with the various characteristics used to advantage in the
final product. Recently, high content screening (HCS),

a cell-based multiparametric image analysis technique,
was adopted in the evaluation of eight different compo-
sitions of NMs [45.77]. It was found that Ag and ZnO
NMs possessed much higher cytotoxicity to 16HBE
cells than SiO2, TiO2, and CeO2 based on the same
mass level [45.77]. Impurities are inevitable in ENMs,
and this needs to be considered when implementing
the risk assessment. Raw nanotubes especially those in
commercial products usually contain significant impu-
rities, such as inert synthesis supports (silica, alumina)
and metal catalysts (iron, cobalt, nickel), derived from
the large-scale production procedures, postfabrication
and postpurification treatments. Much evidence has
shown that the impurities in NMs contribute greatly
to increased toxicity through induction of oxidative
stress [45.111–113].

45.3.5 Coating, Surface Modification,
and Surface Charges

Coating and surface modifications of nanoparticles play
an essential role in control of the physicochemical and
surface properties of NMs. By employing these tech-
niques, scientists can reduce material toxicity, increase
solubility, enhance biocompatibility, and prevent aggre-
gation of NMs in solution or in the air [45.114]. It was
indicated that conventional hydrophobic fullerenes and
the surface-modified hydrophilic ones have significant
differences in terms of toxicity and biological func-
tions [45.115, 116]. We investigated the influence of
surface coatings on the cellular uptake and the cyto-
toxicity of gold nanorods, and found that the cellular
uptake of Au NRs is highly dependent on the surface
chemistry, as evidenced by poly (diallyldimethyl am-
monium chloride) (PPDDAC)-coated Au nanorods ex-
hibiting a much greater ability to be internalized by the
cells compared to poly-sodium-p-styrenesulfate (PSS)
and Cetyltrimethylammonium bromide (CTAB)-coated
ones (Fig. 45.9e) [45.97, 117]. In nanotechnology, var-
ious nanosynthesis and nanofabrication methods have
been applied to the NMs in order to obtain particular
characteristics. However, the positive intention of NM
modification may lead to unintended side effects, which
in turn leads to alarm bells concerning possibly damag-
ing health effects including poor biocompatibility, and
acute and chronic toxicity. Surface charge, which can be
manipulated by surface modification, is one of the most
important factors in relation to the biological functions
of nanoparticles. In contrast to neutral and negatively
charged nanoparticles, positively charged particles can
lead to the most efficient cell membrane penetration
and cellular internalization because of their effective
binding to negatively charged groups on the cell sur-
face [45.118]. Fluorescent polystyrene (PS) particles
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are good research objects to study the intercellular
dynamics of allogenic materials in cell models. We
investigated the effects of negatively charged carboxy-
lated polystyrene (COOH-PS) and positively charged
amino-modified polystyrene (NH2-PS) nanoparticles
with three different diameters (50, 100, and 500 nm) on
cancer HeLa cells and normal NIH 3T3 cells during cell
cycles. It was disclosed that the PS nanoparticles main-
tain a distance from the spindle and the chromosomes
during the whole mitosis. They were never found to be
associated with any components of the mitotic appara-
tus and no abnormal cell division was detected after
their internalization. In addition, no abnormal daugh-

ter cells were detected. The data showed that the PS
nanoparticles do not influence mitosis which is highly
conserved in mammal cells in both normal and cancer
cells [45.119].

Besides the aforementioned physicochemical char-
acteristics, there are other factors, as listed in Ta-
ble 45.2, that may have an influence on toxic impacts
on EHS. Because of this situation the toxicity assess-
ment of NMs is usually highly complex with sometimes
even fragmentary and contradictory conclusions ob-
tained from various sources [45.120]. Scientists have to
face this difficulty and consider characterizing NMs in
detail using state-of-the-art nanotechnologies.

45.4 Novel Techniques and Biomarker Development in Nanotoxicology

45.4.1 The Development of Biomarkers
for Evaluation of EHS Impacts

The discovery of NM toxicity mechanisms could con-
tribute a series of biomarkers for assessment of EHS
impacts. Herein, biomarker is defined as key molecular
or cellular events that have a direct link to health out-
comes after exposure to NMs. It is highly feasible to
fit developed biomarkers with in vitro cell model test-
ing during risk assessment of EHP impacts due to the
low costs, lack of an ethical animal abuse issue, and the
high-efficiency of testing procedures [45.121]. This is
in accordance with the strategy suggested by the US En-
vironmental Protection Agency (EPA) and the National
Research Council (NRC): cellular response or adverse
outcome pathway (AOP)-based toxicity testing for ad-
verse health effect evaluation should be the preferred
toxicity testing strategy in the 21st century [45.122,
123]. Further, the in vitro testing techniques based on
the biomakers of AOP generally provide more sensi-
tive hazard identification than those detection methods
using the endpoints of toxic effects when considering
either the time or dose factors.

For the ENMs most investigated in nanotoxicology
research, it is generally accepted that high NM surface
area represents high ROS-generating capability which
causes oxidative stress in biological systems after nano–
bio interactions [45.124]. The high ROS level in the
organism leads to the negative effects of the depletion of
cellular antioxidants and accumulation of peroxidized
lipids [45.25, 125]. In relation to these earlier inducing
events, various markers at different tiers can be used in
the assessment of EHS impacts of NMs along with the
development of toxicity outcomes (Fig. 45.10).

Wang et al. [45.28] showed that MWCNTs could di-
rectly activate TGF-ˇ/Smad2 signaling in fibroblasts or

epithelial cells with the consequences of inducing the
fibroblast-to-myofibroblast transition and EMT, both of
which contribute to CNT-induced fibrotic responses.
Therefore, it is suggested that TGF-ˇ and the TGF-
ˇ receptor signaling system could be considered as
potential biomarkers in the risk evaluation of CNTs.
Attributed to the same carbon nanomaterial, graphene
seems to induce toxicity through a similar mechanism.
Li et al. [45.126] showed that the signaling pathways
of both mitogen-activated protein kinase (MAPK) and
TGF-ˇ were activated and resulted in the downstream
Bcl-2 protein family initiating mitochondrial-related
apoptosis after incubation of the graphene in the RAW
264.7 macrophage cell line. Furthermore, p38 mitogen-
activated protein kinase (p38 MAPK), extracellular
signal-regulated kinase (ERK), and c-Jun N-terminal
kinase (JNK) were significantly upregulated. Similar
to the CNT exposure, the stimulated transcription ac-
tivity of the Smad proteins verified that TGF-ˇ was
also found to be activated by graphene. As a result,
Bim and Bax were significantly upregulated with the
consequences of causing permeabilization of the mi-
tochondrial outer membrane and the release of mito-
chondrial proapoptotic factors into the cytosol. These
results indicate that graphene and CNTs could induce
ROS production and trigger the mitochondrial apoptotic
pathway, thus leading to apoptosis.

The endoplasmic reticulum (ER) stress and inter-
ruption of the aforementioned mitochondria metabolic
signaling pathways has been fully investigated in the
evaluation of EHS impacts [45.56, 81, 127–131]. ER
stress, also known as unfolded protein response (UPR),
is an important cellular self-protection mechanism that
could be used as an early biomarker for evaluating the
toxicity of NMs [45.81]. Toxicity initiates as the adap-
tation response and ends with toxicity formed after an
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Fig. 45.10 Toxicity mechanisms of
NMs and proposed biomarkers in
assessment of EHS impacts

exposure dosage higher than the physiological thresh-
old of the cellular self-protection capacity. The ER
stress responses contain three dominant stress sensors
that include inositol-requiring protein 1 (IRE1), PKR-
like endoplasmic reticulum kinase (PERK), and activat-
ing transcription factor-6 (ATF-6). The ER-chaperone
protein 78 kDa glucose-regulated protein (GRP78), or
called binding immunoglobulin protein (BiP), binds
these three stress sensors in the normal state, and in
its active state releases them when stress occurs. IRE1,
which functions as an endoribonuclease, initiates the
splicing of x-box binding protein 1 (xbp-1) mRNA af-
ter activation. Then, the newly produced spliced form of
xbp-1 (xbp-1s) induces the transcription of chaperone
protein-encoding genes for self-protection functions
(Fig. 45.11). The xbp-1 splicing and induction of BiP
and C/EBP homologous protein (CHOP) have been
identified as the specific biomarkers of ER stress re-
sponses [45.81, 132]. It is worth noting that ER stress,
as a sensitive earlier biomarker, could be used to define
the lowest observable effect concentrations (LOEC) in
cell and animal models for predesigned safe applica-
tions of ENMs [45.77].

High-throughput screening (HTS) techniques and
modeling based on QSAR should be developed for

analysis of potential EHS hazards from NMs especially
when handling NMs with exceedingly variable physic-
ochemical characteristics [45.86, 133]. HTS techniques
hold great potential, enabling faster and more repro-
ducible toxicity testing for basic NMs as well as other
nanorelated EHS samples. QSAR generally has a close
relation to the application of various HTS methods.
Therefore, researchers can predict a wide range of prop-
erties, including biological activities and toxicities, for
new materials using QSAR models; this process de-
pends entirely on the initial input data generated from
HTS detection methods. Thus, this predictive toxico-
logical approach will finally aid the design or optimiza-
tion of NPs with commercially useful properties that are
also safe to humans and the environment. Recently, Le
et al. [45.86] developed QSARmodels linking nanopar-
ticle properties to cell viability, membrane integrity, and
oxidative stress based on the testing data of 45 types
of ZnO nanoparticles with varying particle sizes, aspect
ratios, doping types, doping concentrations, and surface
coatings. It was found that influencing factors such as
the concentrations of NPs the cells are exposed to, the
type of surface coating, the nature and extent of doping,
and the aspect ratio of the particles provide significant
contributions to the cellular toxicity of the NPs. These
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Fig. 45.11 Endoplasmic reticulum (ER) stress is an earlier biomarker for assessment of EHS impacts. (a)Western blotting
analysis of ER stress-related proteins after exposure in human umbilical vein endothelial cells (HUVEC) at 240�M.
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valuable strategies and techniques will promote the de-
velopment of novel pathway mechanism-based in vitro
approaches for assessment of EHS impact of NMs and
risk assessment of influences on humans or contamina-
tion of ecosystems.

45.4.2 Novel Techniques Used for ADME
Study in Nanotoxicology

After they are released and distributed, NMs generally
appear as trace elements in biological and environmen-
tal science samples. The knowledge about ADME of
NMs has high relations to the following evaluations
of their EHS impacts. Nuclear analytical techniques
(NATs) play important roles in facing the challenges
in nanotoxicology [45.134–136]. NATs are a collection
of techniques that deal with nuclear excitations, nu-

clear reactions, electron inner shell excitations, and/or
radioactive decay. Typically, they have the advantages
of absolute quantification, high sensitivity, excellent
accuracy and precision, low matrix effects, and non-
destructiveness in analytical applications [45.137, 138].
NATs mostly focus on the analysis of parameters in
the samples e.g., nuclear mass, spin and magnetic
moment, and excited states. Their application in nan-
otoxicology have been well summarized in the litera-
ture [45.134]. At the molecular level, synchrotron ra-
diation circular dichroism spectroscopy (SRCD), x-ray
absorption fine structure (XAFS), circular dichroism
spectroscopy (CS), and AFM can be applied to charac-
terize nanomaterials and analyze bio–nano interactions
(Fig. 45.12). The cellular visualization of nanoparticles
and the study of their transformation within the cell
can be achieved through confocal laser scanning mi-
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croscopy (CLSM), TEM, scanning transmission x-ray
microscopy (TXM), x-ray fluorescence (�-XRF), and
x-ray absorption near-edge structure (�-XANES). Sev-
eral approaches can execute in vivo ADME analysis:
neutron activation analysis (NAA), ICP-MS (induc-
tively coupled plasma mass spectrometry), inductively
coupled plasma optical emission spectroscopy (ICP-
OES), isotopic tracing (IT), single-photon emission
computed tomography (SPECT), positron emission to-
mography (PET), x-ray computed tomography (CT),
magnetic resonance imaging (MRI), fluorescence imag-
ing, and photoacoustic imaging. The NAA, ICP-MS,
ICP-OES, and IT techniques require the sacrificing of
animals to obtain quantitative information on the NMs.
SPECT, PET, x-ray CT, and MRI can show the whole
body distribution of nanoparticles directly, while their
quantification capabilities are limited. Fluorescence and
photoacoustic-based methods have their own unique
advantages in some scenarios of in vivo imaging, but
the penetration depths are limited due to the limited
penetration capability of light and sound compared to
x-rays or  -rays [45.139]. In recent research using
the XANES technique, it was disclosed that disulfide
bonds in BSA change into Au–S bonds quantitatively
on the binding sites of BSA and Au nanorods. At the
same time, a stable plane was found for gold–sulfur
interaction supported by molecular dynamic simula-
tion [45.140]. Further, the XANES technique has the

ability to dissect the chemical transformation of metal
NMs in biological systems. For example, it is known
that silver NPs can be internalized by cells and degraded
inside lysosomes, but how the cytotoxicity developed
during the degradation process is unknown. Silver k-
edge XANES clearly indicated that intracellular silver
can be transformed from elemental Ag to a silver-sulfur
(Ag�S�) form which played the dominant role in cy-
totoxicity [45.141]. XRF imaging is a powerful tool
for elemental imaging in biological samples of cells
and tissues. It is feasible to combine XRF imaging
with XANES for analysis of the same sample. For ex-
ample, this combined strategy has been used to study
the distribution of Se when the worm C. elegans en-
gulfs CdSe QDs. XRF imaging showed the locations of
accumulation and distribution of Se, while Se k-edge
XANES indicated the change in Se chemical forms
in different body regions. This combined analysis can
provide more accurate information on NMs than the
more generally used fluorescence-based optical imag-
ing [45.63]. There are two kinds of TXM, soft x-ray
TXM and hard x-ray TXM (Nano-CT). The former
can distinguish the NMs and organelles and is suit-
able for imaging a local region inside a cell due to
the small x-ray penetration depth .� 5�m/ [45.142].
While the latter, Nano-CT, can provide a much wider
imaging field in a single cell (� 2�50�m) which could
be used for three-dimensional (3-D) imaging of the con-
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struction of metal NMs [45.141]. Soft x-ray TXM also
has its own powerful applications for the analysis of
specific elements like Ce in CeO2 NPs or Gd in Gd-

metallofullerenol [45.143, 144]. The characteristics of
the whole list of NATs and related techniques are pro-
vided in Table 45.3.

45.5 Conclusion and Perspectives
EHS impacts related to nanotechnology were inves-
tigated in this chapter. It is obvious that the pres-
ence and release of nanoparticles into the environ-
ment has important implications for human health
and the environment. Scientists should not only fo-
cus on the beneficial effects of NPs, but also need
to be careful in regard to possible adverse impacts
on EHS. Particle attributes such as size, agglomer-
ation or aggregation, composition, structure, coating,
and purity are important for the determination of po-
tential impacts on EHS, although they are generally
quite complicated. State-of-the-art analysis methods
and techniques should be used and developed for the
gradually emerging challenges. Such techniques and
biomarkers will have meaningful utilization in the pro-
tection of human populations, especially in the case
of occupational exposure, and in regard to the total
ecosystem. As the mechanisms of nanotoxicity and
ecotoxicity are still poorly understood, the study of

such EHS impacts through NMs definitely needs the
input of greater resources. Both researchers and au-
thorities should strive for a sound balance between
the development of nanotechnology and the scientific
evaluation of EHS impacts in order to achieve a sus-
tainable and harmonious development of nanotechnol-
ogy.
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