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We are pleased to introduce the book entitled Cellular and Molecular 
Toxicology of Nanoparticles in the Advances in Experimental Medicine and 
Biology series. This body of work is the melding of a number of ideas and 
perspectives. Hence, we must thank all the contributors who wholeheartedly 
welcomed our invitation and agreed to contribute chapters to embellish toxi-
cological information on nanoparticles (NPs). We express our special thanks 
to King Saud University for all the support. NPs research within the last 
decade has received tremendous attention due to their unique properties in 
optics, physical, chemical, and biological processes. Larger NPs surface area 
and more surface atoms endow them with high chemical reactivity and intrin-
sic toxicity. As a result, NPs have been adopted in medical biology as an 
antibacterial agent, DNA structure probes, biosensors in drug and delivery 
formulations, tissue engineering, and cancer therapy to eliminate tumors 
through hyperthermia. Notwithstanding the benefits, several in  vitro and 
in vivo studies have demonstrated that NPs exposure can provoke inflamma-
tory responses, oxidative stress, myocardial infarction, and thrombosis. They 
can also alter the permeability of blood-brain barrier and re-translocate from 
the site of deposition to other parts of the body via circulatory or lymphatic 
system. A majority of NPs get internalized in cells through phagocytosis, 
macropinocytosis, receptor-mediated endocytosis, and passive penetration. 
Undeniably, NPs due to their high biological reactivity promote preferential 
toxicity toward genetic material. Therefore, the importance of their toxico-
logical impact and of the development of early indicators for detection of 
possible adverse health effects arising from nanomaterial exposure is strongly 
realized. For these grounds, nano-genotoxicology and nanotoxicology are 
expanding as novel fields that are looking for the potential risk and mecha-
nism of toxicity in various assay systems. Despite the above hazards, compre-
hensive information on NPs interaction with biological macromolecules 
(DNA and protein) is lacking. Especially, the toxicogenomic responses alter-
ing the normal cellular functioning and link with molecular pathways to trig-
ger cell death and carcinogenesis have not been compiled. Therefore, the 
purpose of this book is to gather up-to-date and state-of-the-art toxicological 
effects of NPs in different in vivo and in vitro test models. The chapters have 
been organized to provide a crisp information on the cellular and molecular 
toxicity of different types of NPs. Special attention has been given to explore 
the mechanism of NPs toxicity which can lead to cell death. In addition, tran-
scriptomic approach has also been provided to explain a clear picture on NPs 
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effects on global gene expression and its connection to alter the varying path-
ways, vital for cell survival. The book has been designed for scientists 
engaged in NPs toxicity research. Nonetheless, it should be of interest to a 
variety of scientific disciplines including marine biologist, environmentalists, 
genetics, pharmacology, medicine, drug and food material sciences, and con-
sumer products. Also, the compilations will be of interest to the environmen-
tal watchdogs, federal regulators, risk assessors, and the policy makers.

Riyadh, Saudi Arabia Quaiser Saquib 
  Mohammad Faisal 
  Abdulaziz A. Al-Khedhairy 
  Abdulrahman A. Alatar 
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Toxicity Assessment 
in the Nanoparticle Era

Valeria De Matteis and Rosaria Rinaldi

Abstract

The wide use of engineered nanomaterials in many fields, ranging from 
biomedical, agriculture, environment, cosmetic, urged the scientific com-
munity to understand the processes behind their potential toxicity, in order 
to develop new strategies for human safety. As a matter of fact, there is a 
big discrepancy between the increased classes of nanoparticles and the 
consequent applications versus their toxicity assessment. Nanotoxicology 
is defined as the science that studies the effects of engineered nanodevices 
and nanostructures in living organisms. This chapter analyzes the physico- 
chemical properties of the most used nanoparticles, the way they enter the 
living organism and their cytoxicity mechanisms at cellular exposure 
level. Moreover, the current state of nanoparticles risk assessment is 
reported and analyzed.

Keywords

Nanotoxicity · Cytotoxicity · Physico-chemical properties · 
Biodistribution · In vitro and In vivo studies · Biodistribution

1.1  Introduction

Nanomaterials are defined as objects having a size 
less than 100 nm; when in the form of nanoparti-
cles, they are different from nanostructures deriv-
ing by industrial processes as welding fumes, fire 

smoke, or carbon black [1]. For this reason, to 
distinguish the manufactured origin of these prod-
ucts from natural particles with similar size, they 
were defined “engineered nanoparticles” (ENPs). 
A “Nanomaterial” has been defined as a “material 
with any external dimension in the nanoscale or 
having internal structure or surface structure in 
the nanoscale” (ISO 2010) [2] and a “nanoparti-
cle” as a “nano-object with all three external 
dimensions in the nanoscale”, where nanoscale 
was defined as the size ranging approximately 
from 1 to 100 nm (ISO 2008) [3]. Engineered 
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2

nanoparticles (ENPs) can be manifactured by 
means of different synthetic routes, starting from 
chemical elements such as metals, carbon, metal 
oxides, polymers and biological molecules [4]. 
They can be produced by ‘Top- down’ approach, 
where bulk materials are broken down to the nano 
size by milling or etching and by ‘Bottom-up’ 
approach, that makes nano-sized objects by com-
bining atomic scale materials [5] (Fig. 1.1).

ENPs have already been used in lots of com-
mercial products for specific applications (elec-
tronics, biomedicine, pharmaceuticals, cosmetics, 
energy, constructions and catalytic/environmen-
tal detection) [7]. To this aim, the synthesized 
ENPs undergo a surface modification, in order to 
passivate, stabilize [8] and ehnance their biocom-
patibility. ENPs have unique properties compared 
to larger-sized particles of the same material 
(bulk materials); consequently, the toxicicity of a 
base material is different from that of the same 
material in form of nanoparticles [9]. On the 
basis of their composition, the ENPs can be clas-
sified in three distinct, large categories:

 1. Carbon based nanoparticles:
Fullerenes (C60), Carbon nanofibers, 

Carbon nanofoams, Graphene, Graphene 

nanofoils, Carbon Nanotubes (CNT), Single-
walled carbon nanotubes (SWCNTs), Multi-
walled carbon nanotubes (MWCNTs), Carbon 
Black (CB)

 2. Organic nanoparticles
Organic polymers, Biologically-Inspired 

Nanoparticles
 3. Inorganic nanoparticles

Metal nanoparticles, Metal oxide nanoparti-
cles (MONs), Quantum dots (QDs)
Based on their shape, the most synthetized 

nanomaterials were classified as nanowires, 
nanorods, nanoprisms, nanoparticles, nanocubes 
and nanotubes (Fig. 1.2).

The physico-chemical properties of ENPs, 
such as size, shape, surface charge, solubility and 
other ones, influence the biological responses 
[12]. In fact, greater surface area per unit mass 
renders ENPs more biologically active than 
larger-sized particles showing the same chemis-
try [13]. Smaller particles take up less volume 
and exhibit greater surface area per unit mass 
[14]. The engineering and functionalization of 
NPs, can strongly alter their properties: the distri-
bution of nanoparticles is, therefore, closely con-
nected with surface characteristics [15]. Today, 
the toxicological effects of ENPs on the human 

Physical and/or chemical
triggers (for example,
changes in pH, concentration,
temperature)

ba

Processes such as etching
and nanolithography,
starting from bulk material

Top-down approaches
(for example, lithography)

Bottom-up approaches
(for example, self-assemply,
molecular patterning)

Fig. 1.1 Bottom-up (a) and top-down (b) approach. (Reprinted by permission from Macmillan Publishers Ltd: Nature 
Reviews–Neuroscience) [6] copyright 2006
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body have not been fully understood, and the 
mechanism of their toxicity actions is still unclear 
[16]. The generation of free radicals and the con-
sequent oxidative stress occurs, togheter with 

cardiovascular diseases, cancer and fibrosis [4]. 
While the business of products based on ENPs is 
growing continuously, more studies are oriented 
to consider the risk assessment as integral part of 

Fig. 1.2 TEM images of different morphological shapes 
of silver-based nanomaterials: (a–e) nanowires, nanorods, 
nanoprisms, nanoparticles, nanocubes, (f) carbon nano-
tubes (Figures a–e reprinted (adapted) with permission 

from [10]. Copyright 2007 American Chemical Society. 
Figure f reproduced (adapted) from [11] with permission 
of The Royal Society of Chemistry)
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nanoparticles design in order to protect the health 
of living organisms and environment [17]. 
Nanotoxicology is a new discipline with the aim 
of characterizing the toxicity of ENPs by identifi-
cating of exposure route and dose assessment, as 
well as investigating the relationship between 
physico-chemical properties and hazard effects 
[9]. To reach this, research activities are strongly 
oriented to meet the needs of increased epidemi-
ological and clinical information, and to obtain 
from in vivo and in vitro systems [18, 19].

1.2  In Vitro and in Vivo Studies

It was estimated that, for toxicology investiga-
tions, a large number of animals should be 
employed, raising ethical questions due to the EC 
Directive 2010/63/EU [20], on in vivo experi-
mentation. Therefore, also in vitro investigations 
were relevant in order to increase the epidemio-
logical/clinical studies and contribute to the dis-
semination of toxicological information [18]. In 
detail, the development of in vitro methods was a 
critical point not only to achieve research goals, 
but also as a screening tool to envisage potential 
toxicological effects of ENPs that will be synthe-

tized over the coming years. These investigations 
were also important as useful guidelines about 
safety and legal issues for companies using 
ENPs. The in vivo methods were preferred in the 
field of chronic toxicity investigation as well as to 
study mechanisms which cannot be simulated by 
in vitro systems [21]; among these, toxicokinet-
ics and the identification of target tissues [22, 23] 
(Fig. 1.3). The in vitro methods were conducted 
to study specific characteristics of nanomaterials 
used as indicators of toxicity, in order to under-
stand the potential adverse mechanisms induced 
by ENPs [21]. In general, at the first stage, nano-
materials cross tissue membranes and enter the 
bloodstream at several sites [24]. In particular, 
the main route of exposure is unavoidably the 
respiratory system [25]. Small size ENPs may 
enter the deep part of the respiratory tract [26]. 
Moreover, ENPs can enter the body through con-
taminated food or drink, as well as through the 
skin, that is the largest organ of the human body 
[27]. The skin forms a barrier versus the external 
environment, performing a function of protection 
and homeostasis. Despite the skin is a large bar-
rier, it represents a potential route of exposure 
because the dermal absorption of small nanopar-
ticles is possible [28].

nanoparticles

ROS

ROS

Oxidative

endocytosis

stress
lysosome

Cell death/apoptosis

Metabolic
toxicity

Immune system
toxicity

Genotoxicity

Organ toxicity

in vitro in vivo

Pharmacokinetics

Absorption

Distribution

Metabolism

ExcretionHematological

toxicity

Cell cycle arrest
DNA damage

Fig.1.3 Schematic representation of ENPs toxicity in vitro and in vivo systems (Adapted from reference [29])
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1.3  Physico-chemical Properties 
of Nanostructures

1.3.1  Size

Size is a determining factor for the uptake and 
translocation of ENPs, as reported in the case of 
titanium dioxide nanoparticles (TiO2) particle 
translocation across the rat alveolar epithelium 
[30] and nanoferrite targeting tumors in athymic 
mice [31]; in the interaction between nanoparti-
cels and byological systems, the size and surface 
area represent critical factors [32]. Compared 
with larger particles, the smaller ones show a 
greater surface area per unit volume, making 
them more chemically reactive [33]. A lot of cel-
lular processes in mammalians, such as the cel-
lular uptake, endocytosis and inflammatory 
response, are closely connected with the size of 
nanomaterials [21]. In vitro cytotoxicity studies 
are conducted at different concentrations of 
ENPs, exposure times, cell types, while in vivo 
studies are more difficult, owing to the complex-
ity of living systems [34]. In fact, in many cases, 
nanomaterials undergo modifications due to bio-
logical macromolecules, inside the organisms 
[35]. The induction of reactive oxigen species 
(ROS), responsible of free radicals release, 
resulted stronger when the small nano-objects 
were endocyted by cells [36]. The free radicals 
trigger the inflammatory responses inducing 
DNA damage and lipid oxidations [37]. In addi-
tion, the size of ENPs is responsible for their 
behaviour inside living organisms from the phar-
macological point of view [38]. The intravenous 
injection of 50 nm nanoparticles, induces toxic 
effects in various tissues, whereas 100–200 nm 
NPs can be stopped by the action of the reticulo-
endothelial system, including liver and spleen 
[39]; however, in these organs, NPs start the oxi-
dative stress phenomenon. In the respiratory sys-
tem, NPs with hydrodynamic size less than 
100 nm induce more respiratory damage com-
pared to particles of the same material, but with a 
greater size [40, 41]. Nanomaterials with a size 
range between 10 and 20 nm sediment in the tra-
cheobronchial region whereas particles smaller 
than 10 nm can deposit in the alveolar region 

[42]. Indeed, when smaller particles move into 
the respiratory tract, they reach the pulmonary 
interstitium with impairment of alveolar macro-
phages function [43]. In tumor cells, Kettler et al. 
suggested a grater uptake of 40–50 nm ENPs 
concluding that the size ~50 nm was suitable of 
uptake by non-phagocytic eukaryotic cells [44]. 
Baharifar et al. investigated the toxicity of Cs/Sk 
NPs on artifical neurons, showing that smaller 
nanoparticles were more toxic than the largest 
[45]. The injection in mice of AgNPs induced a 
hepatobilary toxicity, in particular due to those 
having an average size of 10 nm, respect to larger 
ones (40–100 nm) [46]. In recent studies, zebraf-
ish was used to assess the in vivo toxicity of dif-
ferent Au and AgNPs in the size range of 3, 10, 
50, and 100 nm. The experimental results demon-
strated the size dependent mortality induced by 
AgNPs, whereas the toxic effect of AuNPs did 
not depend on size [47]. Seiffert et al., using 
Brown-Norway (BN) and Sprague-Dawley (SD) 
rats, showed that 20 nm AgNPs triggered proin-
flammatory phenomenon in terms of neutrophil 
influx, but not in eosinophilic influx [48]. In all 
these examples, the predominant role of size in 
cellular uptake mechanism was unequivocal.

1.3.2  Shape

Shape dependent toxicity has been studied for 
several ENPs, such as carbon nanotubes, silica, 
allotropies, nickel, gold, and titanium nanomate-
rials [49–51]. In general, the shape influences the 
membrane wrapping processes during the endo-
cytosis or phagocytosis pathway [52, 53]. 
Computational models described the acceleration 
of ENPs traslocation across cell membranes 
depending on shape and surface charge. This 
accelaration was up to 60 orders of magnitude 
[54]. Differently shaped AgNPs were reported to 
affect the cells in a different way [55]. When the 
size and surface area were the same, the shape of 
ENPs was the principal feature influencing the 
toxicity. Nanorods of ZnO induced more toxic 
results than ZnO NPs in A549 cell lines [56]. 
Instead, AuNPs spherical shape contributed to 
toxicity than rod-type particles in ephitelial cells 
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[57]. Generally, endocytosis of spherical ENPs 
by cells is easier respect to rod shaped ones and 
relatively less toxic independently if they are 
homogenous or heterogeneous [58]. Besides, 
also TiO2 fibres are more cytotoxic than spherical 
shaped NPs [59]. Asbestos fibres of about 10 μm 
caused lung carcinoma whereas 5 μm fibres 
induced mesothelioma. Smaller fibres, having a 
size around 2 μm, caused asbestosis [60]. In gen-
eral, the effect of the shape dependent NPs can be 
due to the number of edges that induce oxidative 
stress [61], but additional evidences will be 
required to support this hypothesis.

1.3.3  Charge

The uptake of positively charged nanoparticles is 
more evident than negatively charged and neutral 
ENPs for the opsonization process due to plasma 
proteins. Unfortunately, they induce hemolysis 
and platelet aggregation [62, 63], resulting more 
toxic for living systems. For example, anionic 
amine-terminated poly(amidoamine) (PAMAM) 
showed no toxic effects, while positively charged 
PAMAM dendrimers (G4) triggered time- 
dependent toxicity in mice embryos and zebrafish 
[64]. In a recent study, Poly (lactic-co-glycolic 
acid) (PLGA) NPs with different surface charges, 
(positive, neutral or negative), were synthesized, 
and toxicity effects were analyzed in L5178Y 
mouse lymphoma cells, TK6 human 
B-lymphoblastoid cells and 16HBE14o- human 
bronchial epithelial cells. The data demonstrated 
that positive PLGANPs were more cytotoxic and 
induced chromosomal aberrations [65]. Therefore, 
the surface charge influences the uptake of NPs in 
cell; since the cellular membrane and the intracel-
lular compartment is characterized by negative 
charge, the positive NPs are more internalized 
than negative nanoparticles. Wang et al. followed 
the effects of surface charges of gold nanoclusters 
AuNCs and showed the ability of positively 
charged nano-objects to influence pharmacokinet-
ics. In particular, they ehanced the renal excretion 
and accumulation in kidney, liver, spleen, and tes-
tis. On the contrary, negative charge AuNCs were 
kept in renis, increasing tumor uptake [66]. CDs 
in vitro toxicity was studied on standard mouse 

fibroblasts (NIH/3T3). The data obtained high-
lighted the possibility to use neutral CDs-PEG for 
biological applications. On the contrary, nega-
tively charged CDs-Pri induce a sudden arrest of 
the cell cycle, in particular the block of G2/M 
phase and the increase of oxidative stress. 
Positively charged CDs-PEI are the most cyto-
toxic, inducing the largest changes in the G0/G1 
phase of cell cycle [67]. The blood-brain barrier 
modification and transmembrane permeability 
alteration is a peculiarity of surface charge of 
nanoparticles. 50 nm NPs have showed a high 
ability to penetrate skin due to their small size. On 
the other hand, the 500 nm NPs cross the skin bar-
rier thanks to a high charge concentration, exceed-
ing that of the skin barrier itself [68].

1.3.4  Surface Modification

The toxicity of ENPs is also influenced by the sur-
face, which dictates the interactions with biologi-
cal entities that can alter the pharmacokinetics, 
distribution, accumulation, and toxicity of nano-
objects [69, 70]. In fact, several types of ZnONPs, 
different in size and surface chemistry, were used 
to assess the development of zebrafish after expo-
sure to NPs. Zhou et al. illustrated that the surface 
functionalization of ZnONPs was crucial in the 
induction of toxicity in zebrafish embryos, while 
the size showed a minimum impact on animal 
model [71]. PEG and citrate surface functional-
ization of AgNPs strongly influenced viability of 
HaCaT cells and mechanisms of cell death. 
Citrate-coated AgNPs displayed more severe 
cytotoxic effects than PEG-coated AgNPs [72]. 
The cytotoxicity of silica was associated with the 
presence of surface radicals and reactive oxygen 
species [73]. Indeed, surface coatings were useful 
to inhibit the toxic heavy metals release in 
QDs structures in order to make them safer for 
biomedical applications. Surface coatings con-
cerned also the QD core in order to avoid less 
water dispersibility and ions release [74]. CHO-
K1 cells (Chinese Hamster ovaries derived cell 
lines) were used to assess the cytotoxicity of 
Superparamagnetic iron oxide nanoparticles 
(SPIONs) functionalized with different chemical 
groups. The coatings using amino groups 
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increased the uptake and cytotoxic effects com-
pared to SPIONs with PEG functionalization. 
These data emphasized the importance of surface 
coatings for biomedical applications [75]. In 
another work, a thin silica shell was used to cover 
the Fe3O4NPs and to test the toxicity on A549 and 
HeLa cells. The authors showed the critical role of 
surface engineering: in fact, it was responsible of 
increased cytotoxic and genotoxic effects, if 
compared to bare Fe3O4NPs [76]. Moreover, it has 
been demonstrated that spherical gold nanoparti-
cles with various surface coatings have been 
found to be non toxic to human cells [77].

1.3.5  Crystalline Structure

The crystalline structure of nanoparticles is 
another important factor that influences the toxic-
ity in cells, also evident in nanoparticles having 
the same size. For example, titanium dioxide, 
which has typically three crystalline structures 
(rutile, anatase and brookite), shows different in 
vitro different toxicity responses [78]. A recent 
work, investigating the impact of 50 nm rutile 
and anatase TiO2NPs in A549 and MCF7 cell 
lines, showed that the anatase form is more toxic 
due to its susceptibility to pH and solar light, pro-
moting severe NPs degradation [79]. Several 
studies showed a change of crystalline structure 
after interaction with water or other media. In 
particular, in presence of water, ZnSNPs under-
went a rearrangement of crystalline structure 
[80]. Silica exibhited different effects inside 
cells, in fact, while the amorphous silica was 
used as a food additive, its crystalline form could 
be human carcinogen [81].

1.3.6  Effects of Media

The toxic effects of ENPs were also dependent 
on the media conditions, that could induce 
agglomeration or a specific dispersion rate. 
Prasad et al. analyzed the adverse effects in 
BEAS-2B cell line due to TiO2NPs dispersed in 
three different media: two types of keratinocyte 
growth media (KGM), with different amount of 
BSA, and a synthetic medium. DNA damage was 

found using dispersions of TiO2NPs in all three 
media. Moreover, they induced cytokinesis- 
blocked micronucleus only in one medium type 
(KF) inducing the lowest amount of agglomera-
tion. This phenomenon triggered a cells accumu-
lation in S phase cell cycle compared to another 
medium [82]. PBS promoted the increase of size 
in TiO2NPs, ZnONPs and carbon black. This 
effect was not evident in water. In general, differ-
ent size of nanoparticles showed different size in 
biological media [83].

1.4  Route of Entry 
of Nanoparticles

1.4.1  Inhalation

Inhalation was widely recognized as a major 
route of exposure to nanomaterials. The lung 
consists of two functional parts, the airways (tra-
chea, bronchi, and bronchioles) and the alveoli 
(gas exchange areas). In general, the exposure of 
humans to nanomaterials promotes pleural gran-
uloma formation, characterized by pulmonary 
fibrosis [84]. The function of mucus layer is to 
safeguard the epithelium of tracheobronchial 
region [85], so that when the ENPs deposit in this 
area, they are expelled from the lung by muco-
ciliary action [86]. Firstly, the mechanism of 
sedimentation in the respiratory tract is due to 
inertial impact, followed by gravitational sedi-
mentation and also Brownian diffusion [87]. This 
last phenomenon is typical of small ENPs 
because they behave like gas molecules and are 
able to penetrate in deeper tracts [88]. For the 
above mentioned reasons, the deposition becomes 
greater respect to the inhalation of equivalent 
amounts of coarse or fine particles (Fig. 1.4). 
ENPs can inhibit the phagocytic capacity of alve-
olar macrophages, leading to apoptosis [88]. 
Additionally, results of several studies showed 
that ENPs deposited in the respiratory tract 
 interact with epithelial cells and interstitial fluid 
[89]. The interstitial translocation is a phenome-
non occurring when the capacity of macrophages 
to incorporate ENPs is saturated or when smaller 
ENPs escape from the phagocytosis system [15]. 
Nevertheless, if on one hand the mechanisms by 
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which ultrafines penetrate cellular membranes 
were widely studied, there are only a few investi-
gations about the process of penetration from 
pulmonary tissue to capillaries [15].

1.4.2  Ingestion

The ingestion of food additives, water and drugs 
allows ENPs to reach the gastrointestinal (GI) 
tract [91]. Via the GI tract, they enter lymphatic 
tissues containing phagocytic cells according to 
their physicochemical properties and surface 
ligand [92]. In general, most ENPs enter the GI 
system and are rapidly expelled [15]. The change 
in pH can induce agglomeration of nanomaterials 
inside the intestinal tract [93]. In the case of small 
agglomerates, they are expelled through faeces 
with little absorption; whereas, in presence of big 
aggregates, they could obstruct the GI tract as 
shown in an in vivo study in which mice devel-
oped severe diarrhoea, vomiting and finally death 
[92]. ENPs that were not eliminated in short time, 
translocated into blood capillaries in a size 
dependent manner to move into organs [94].

1.4.3  Skin Penetration

The skin is structurally divided into three layers: 
the outside layer, or epidermis, the dermis and the 
inside layer or hypodermis. The stratum corneum 

(SC), is constituted of cells called corneocytes, 
that desquamate and form a keratinized layer 
which is considered a tight barrier against ENPs 
penetration [95]. A review [96] published in 2010 
provided an overview of the most common nano-
materials found in consumer products. The paper 
evidenced a lot of products (make-up, sunscreens, 
moisturizers) containing metal nanomaterials 
and destined to topical applications for consum-
ers. Micron and submicron-sized TiO2NPs cross 
the skin and reach hair follicles and dermis [97]. 
Nano-sized TiO2 (10–50 nm), with a process 
depending on nanoparticles shape, confirmed the 
skin penetration in human volunteers [98]. Some 
researchers showed the penetration of TiO2NPs 
in deeper layers via intercellular channels and 
hair follicles [99, 100]. Tak et al. [101] studied 
the skin permeation of Ag nano objects with dif-
ferent shape in in vitro and in vivo cell models. 
They hypotyzed two different possible pathways: 
the follicular penetration pathway and the inter-
cellular penetration pathway as illustrated in 
Fig. 1.5.

1.5  Biodistribution

The most common approach to investigate the 
distribution of ENPs in vivo was to remove the 
main organs or tissues after animal sacrifice 
[102]. In general, once in the circulatory system, 
nanoparticles can be carried into the body and 

Fig.1.4 Different size 
deposition of ENPs 
within the airway after 
the inhalation. 
(Reproduced from [90] 
with permission of The 
Royal Society of 
Chemistry)
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absorbed by organs and tissues, including kid-
neys, spleen, heart, liver, bone marrow and ner-
vous system [15] (Fig. 1.6). The distribution in 
these organs is influenced by the physico- 
chemical properties of nanoparticles and the rate 
of distribution is determined by blood flow and 
rate of diffusion out of capillaries and into organs 
and tissues [103]. ENPs reach the blood by 
phagocytosis process and are then filtered off by 
the spleen [104, 105]. Larger particles are accu-
mulated in the liver [106] causing necrosis of 
liver tissues [107]. Recent evidences suggested 
that the ENPs can cross the blood brain barrier 
(BBB) and accumulate in the brain [108]. 
Nanomaterials can be successfully excreted by 
kidneys, faeces sweat, breast milk and saliva 
[15]. The capillaries of kidneys show a pore size 
of 70 nm, so the excretion is dependentent on the 
size of ENPs [109]. The adsorption phenomena 
of biomolecules onto the ENPs surface promote 
an increase of size particles, preventing filtration 
through urine [109]. In general, ENPs accumu-
late in many organs, damaging the excretory sys-

tem. Kidney is a target organ of nanoparticles 
toxicity that can alter metabolic functions [110].

1.6  Nanoparticles Cellular 
Uptake

The uptake of nanomaterials by cells in vitro is 
an important factor to assess nanotoxicity [113]. 
Plasma membrane is a hydrophobic barrier regu-
lating the traffiking of molecules [114]. The route 
of molecules and particles (including ENPs and 
microparticles) uptake is dependent on their 
characteristics and cell type [115]. Hydrophobic 
or hydrophilic ENPs enter cells by different 
mechanisms [116], ranging from active 
 (receptor- mediated) to passive transport across 
cell membrane [117]. In general, bigger mole-
cules enter the cells by active endocytosis, occur-
ring in two different mechanisms: phagocytosis 
or pinocytosis [118]. Phagocytosis provides the 
uptake of large particles and is conducted by 
phagocytes including macrophages and neutro-

Fig.1.5 ENPs shape (left) influences different skin penetration. (Adapted from reference [101], copyright 2015, Nature 
publishing group)
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philes [119]. It has been observed that fluids are 
inglobated in all cell types through pinocytoses 
[120]. Clathrin- mediated and non-clathrin-medi-
ated, macropinocytosis, endocytosis mainly via 
caveolae were included in the pinocytosis pro-
cess [121]. The endocytosis process is size-
dependent: ENPs of around 200 nm were 
internalized by clathrin- coated phenomenon. 
When the size increased, the uptake was configu-
rated as caveolae- mediated process. All these 
processes are characterized by energy consump-
tion, whereas in the passive transport no chemical 
energy is involved [122]. In a recent work, the 
effect of protein corona on 40–80 nm AuNP was 
investigated on human epidermal keratinocytes. 
The AuNPs were functionalized using lipoic 
acid, polyethylene glycol (PEG) and branched 
polyethyleneimine (BPEI) coatings with and 
without a protein corona, up to 48 h. Most AuNPs 
were internalized by clathrin and lipid raft-medi-
ated endocytosis, except for 40 nm AuNPs@PEG 

for which the predominant factor was raft/nonca-
veolae mediated endocytosis. The uptake effi-
cency was high for BPEI- AuNP, concluding that 
the protein corona influenced cellular uptake and 
inflammatory responses of AuNPs [49]. Saikia 
et al. analyzed the influence of size and porosity 
of SNPs on protein adsorption, cellular uptake 
and toxicity in RAW 264.7 macrophages, demon-
strating that both in presence and absence of pro-
teins, the SNPs entered the cells by vacuole-like 
structures. In the absence of protein, some parti-
cles were found in free cytosol, suggesting 
phagocytosis [123]. Other studies investigated 
the uptake mechanism of silica NPs (SiO2NPs). 
In one of these works, the authors observed that 
50 nm SiO2NPs were efficiently internalized. 
They also identified macropinocytosis as the 
dominant mechanism of uptake and showed the 
localization of NPs, in the early endosome [124]. 
Clathrin dependent endocytosis and macropino-
cytosis played major role in AgNPs uptake [125]. 
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Fig.1.6 (a) Left: different size NPs distribution in organs 
of mus musculus. (Reprinted by permission from 
Macmillan Publishers Ltd.: Nature Materials) [111] copy-
right 2014. (b) Histopathological evaluation after dermal 
exposure of TiO2 NPs at different size for 2 months. 

Pathological changes were indicated with arrows. The tis-
sues were stained with hematoxilin and eosin and 
observed at 100X of magnification. (Reprinted from [112] 
Copyright 2009, with permission from Elsevier)
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Thurn et al. investigated the uptake of TiO2NPs 
by their conjugation with a fluorescent dye 
Alizarin Red S (ARS) [126]. Fluorescence 
microscopy and flow cytometry were used to 
characterize the uptake of TiO2-ARS nanoconju-
gates in PC-3 M cells, finding a mechanism 
depending on more factors: temperature, time 
and concentration. The experiments confirmed a 
complex nanoparticle- cell interaction involving 
many endocytic mechanisms: clathrin-mediated 
endocytosis, caveolin-mediated endocytosis and 
macropinocytosis. In some cases, the nanoparti-
cles uptake was dependent by pH. Mizuhara et al. 
[127] functionalized AuNPs nanoparticles with 
acylsulfonamide zwitterionic, demonstrating the 
ehnancement of cellular uptake at tumor pH 
(<6.5) in Hela. A representative image of cellular 
uptake of nanosilver is represented in Fig. 1.7.

1.7  Common Toxicity Tests 
In vitro

1.7.1  MTT Assay

The most used cytotoxicity test is MTT assay, 
[129, 130] that provides information about the 

mitochondria activity. The MTT tetrazolium 
salt crosses the plasma membrane of metaboli-
cally active cells, in which it is reduced to 
formazan and produces a colored solution 
[131] spectrophotometrically measured. The 
intensity of coloration is proportional to live 
cells, thus the MTT is a standard assay, used to 
evaluate cell viability. Other variations of the 
MTT assay are WST-1 [132], WST-8 (CCK-8), 
MTS (Cell Titer 96) [133, 134] and XTT tetra-
zolium salts.

1.7.2  Lactate Dehydrogenase (LDH) 
Leakage Assay

The LDH is a stable cytosolic enzyme which is 
present in all cells and is released into the extra-
cellular space when the plasma membrane is 
damaged, measuring the number of lysed cells in 
the presence of toxic materials [132]. When LDH 
is free in the extracellar space, it induces the oxi-
dation of lactate to pyruvate and the NAD to 
NADH. The formazan is producted by reaction 
between NADH and tetrazolium salt iodonitro-
tetrazolium (INT).

Fig.1.7 Different mechanisms of NPs cellular uptake. (Reproduced from [128] with permission of The Royal Society 
of Chemistry)
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1.7.3  2′,7′-Dichlorofluorescein 
Diacetate (DCF-DA) Assay

The DCF assay is used to estimate the presence 
of oxidative stress after an injury on cells [135]. 
To this aim, the cells are incubated with nonionic, 
nonpolar 2,7-dichlorofluorescin diacetate 
(DCFH-DA). The dye penetrates the cell mem-
branes and becames non fluorescent DCFH due 
to hydrolyzation of intracellular esterases. The 
DCFH is oxidized in presence of reactive oxygen 
species (ROS) to fluorescent dichlorofluorescein 
(DCF). Then, the intensity of measured fluores-
cence is proportional to the amount of ROS in 
cell.

1.7.4  COMET Assay

The comet assay is widely used for in vitro and in 
vivo genotoxicity testing. Ostling and Johanson 
in 1984 [136] developed this method to measure 
DNA damage, later modified, in 1988, by Singh, 
who used alkaline conditions [137]. This method 
is a gel electrophoresis–based assay that can be 
used to measure DNA single-strand break in indi-
vidual eukaryotic cells. The images obtained 
look like a “comet”. The comet presents a head 
that corresponds to intact genomic materials and 
a tail consisting of damaged or broken pieces of 
DNA (Fig. 1.8).

1.8  Current State of Nano Risk 
Assessment

The development of nanotechnology evoked 
increasing societal and public concerns on the 
safety of ENPs and associated technologies, 
emphasizing the importance of setting goals on 
research concerning their safety. This aspect is 
very critical to minimize the uncertainties about 
safety and health issues concerning these materi-
als and nanotechnologies [14]. The final goal of 
current researches, oriented to understand the 
toxicity of ENPs, is to make users expert to 
manipulate the nanomaterials in order to develop 
safer products. Indeed the safety evaluation must 
be assessed during the entire life cycle of nano-
products. The scientific community should pro-
vide the final users with clear information on the 
risk associated to nanomaterials together with a 
risk management [139]. In 2004 the EC, with a 
Communication, encouraged the interaction 
between universities and industries in order to 
stimulate productions and industrial processes 
based on nanomaterials [140]. Afterwards, in 
2005, [141] an action plan regarding the imple-
mentation of studies about the toxicity evaluation 
of nanomaterials was edited, followed by an 
evaluation of European Parliament (EP) in 2006 
[142]. The EP suggested the importance to iden-
tify and recognize ENPs in commercial products. 
Two years later, the EC, on the basis of EP 

Fig.1.8 Comet assay performed on HMEC cell lines 
doped with AgNPs for 24 h. The images cleary show the 
classic “comet” morphology due to genotoxicity effects of 

NPs. The slides were analyzed with a fluorescence micro-
scope. (Adapted from reference [138] with permission of 
Baishideng Publishing Group Inc.)
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Resolution, formulated another Communication 
[143], that put in evidence the effectiveness of 
laws regarding the risk associated to nanomateri-
als. The double face of nanomaterials that include 
both advantages and disadvantages, caused by 
their toxicity, was misleading for the absence of 
clear information on products based on “nanoma-
terials”. The European legislative framework was 
implemented after the EP Resolution; in fact, the 
introduction of several characteristics for the use 
of nanomaterials in the cosmetics field was actu-
ated by Regulation (EC) No 1223/2009, while 
the same attention was conducted for medical 
products by European Medicine Agency (EMA) 
[144]. In 2011, the concept of “nanomaterial” 
was defined in EEA when the EC published 
Recommendation 2011/696/EU [145], so that in 
2012 a draft for the medical device regulation 
was formulated by EC, then revised in 2016 
[146]. The International Organization of 
Standardization (ISO) [3] defined standards that 
were implemented by the Scientific Committee 
on Emerging and Newly Identified Health Risks 
(SCENIHR) [147]. In addition, the implementa-
tion was also actuated by the European 
Commission Joint Research Centre (JRC) [148] 
in order to adapt the ISO standard to the European 
regulatory framework. A Nanomaterial was 
defined as “A natural, incidental or manufactured 
material containing particles, in an unbound state 
or as an aggregate or as an agglomerate and 
where, for 50% or more of the particles in the 
number size distribution, one or more external 
dimensions is in the size range 1–100 nm. In spe-
cific cases and where warranted by concerns for 
the environment, health, safety or competitive-
ness the number size distribution threshold of 
50% may be replaced by a threshold between 1% 
and 50%”. By derogation from the above, fuller-
enes, graphene flakes and single wall carbon 
nanotubes with one or more external dimensions 
below 1 nm should be considered as nanomateri-
als. The EC indicated size, distribution, and phys-
ical state as univocal parameters to identify a 
nanomaterial besides a specific surface area by 
volume greater than 60 m2/cm3 [145]. However, 
the Recommendation indicated fullerenes, 
single- wall carbon nanotubes and graphene 

flakes toxicity associated to <1 nm size. Another 
critical point is represented by size measurement 
methods, that in several of cases were incompa-
rable [149]. The most appropriate measurement 
methods for specific nanomaterials were recom-
mended by JRC Reference Report in 2012, fol-
lowed, two years later, by an admission of 
relevant gaps among the analytic methods that 
could be overcome by means of a fruitful interac-
tion between scientific Academia and European 
Community [150]. Outside Europe, the National 
Nanotechnology Initiative’s Environmental, 
Health, and Safety (EHS) Research Strategy and 
the recent report by US National Research 
Council [151] underlined the relevance of under-
standing the processes used to develop ENPs.

1.9  In Silico Toxicology

Computational methods are considered very 
important tools to assess the toxicity of materials 
in order to exceed the in vivo studies that would 
require long experimental times, ethical limita-
tions as well as resource-intensive nanotoxicity 
tests [152]. In silico toxicology is used to predict 
and analyze toxicity in order to strengthen the 
standard tests and to guarantee an optimal drug 
design [153]. The quantitative structure activity 
(QSAR) model was originally a computational 
chemistry method; in nanotoxicology nano- 
QSAR (nano quantitative structure activity rela-
tionship) or quantitative nanostructure activity 
relationship (QNAR) were developed, using 
nanomaterials physico-chemical properties as 
suitable descriptors [154]. Several researches 
carefully described the procedure in QNAR mod-
eling [155, 156]. Fourches et al. (2010) developed 
two QNARs using as many datasets from in vitro 
experiments [154]. These two models were statis-
tically validated. With this in mind, structural 
descriptors were important to improve the QNAR 
models, to bypass the lack of  nanomaterials’ 
experimental data. The descriptors included 
0D-descriptors, 1D-descriptors, 2D-descriptors, 
3D-descriptors, and 4D-descriptors [157] but it 
was different for nanomaterials because they were 
not classificated as simple chemical compounds 
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[158]. The goal of the future toxicology research 
will be to connect the “big data” obtained by in 
vitro and in vivo studies with computational mod-
eling in order to generate more and more precise 
human risk estimates (Fig. 1.9).

1.10  Conclusions

The use of nanostructured materials in many 
fields of human life has led to investigate the toxic 
effects of materials getting in touch with living 
organism by different routes of entry (ingestion, 
respiration and skin penetration). Hovewer, in 
several cases toxicological data are conflicting, so 
that a lot of studies are still required to evaluate 
the critical factors that contribute to NPs toxicity, 
in vivo and in vitro. This challenge is fundamental 
in order to standardize the analysis methods and 
to create a database containing the risks associ-
ated to NPs that will be accessible by scientists, 
manufacturings and consumers as well.
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Abstract

Nanomaterials are invading our environment due to their increasing use in 
a very broad range of sectors making human exposure foreseeable during 
the life cycle of these materials. Inhalation is one of the most frequent 
routes of exposure in case of unintentional exposure and the small size of 
nanomaterials allows them to reach the deep lung. Understanding the fate 
and effects of nanomaterials is a great challenge for scientists as they 
exhibit a huge physico-chemical diversity that drives their biological reac-
tivity. It is critical to determine the fate of nanomaterials at their route of 
entry in the organism as this will determine their local and/or systemic 
effects. In this review we will describe the epithelial barriers and the clear-
ance processes of the respiratory tract. The mechanisms involved in the 
internalization of nanomaterials by respiratory cells and their ability to 
cross the epithelial barrier will be presented, highlighting methodologies 
and the role of the nanomaterial physico-chemical properties.
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2.1  Introduction

The development of nanotechnologies puts on 
the market a wide diversity of nanomaterials 
(NM). NMs can be of very various compositions 
(metals, metal oxides, carbons, polymers) and for 
each composition they can exhibit different sizes, 
shapes, charges, crystallinity, coating, and func-
tionalization that are designed to display unique 
properties for specific applications. Until now, 
risk assessment of NMs is far to be stated. Due to 
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the recent use of NMs, no epidemiological stud-
ies are available to demonstrate an association 
between NM exposure and health effects, making 
toxicological studies mandatory to establish haz-
ards related to NM exposure. The diversity of 
NMs to be evaluated and the difficulties encoun-
tered for a proper hazard characterization due to 
their inherent properties make experimental stud-
ies more complicated than for chemicals and have 
for now limited risk assessment to few NMs.

Throughout their life cycle, NMs can be in 
powder, liquid suspension, aerosol, or embedded 
inside or at the surface of a material making the 
probability of exposure quite different. The fre-
quency of exposure will also be very different 
between occupational settings where NMs are 
either produced, included in manufactured goods 
or released during waste recycling. Consumers, 
aware or not, may also be exposed to NMs 
included in cosmetics, food, clothes…. Ingestion, 
inhalation and skin applications are the main 
routes of exposure to NMs but the respiratory 
route is likely the most frequent in case of unin-
tentional exposure. Lungs can be the target organ 
of NMs and/or just a route of entry of NMs into 
the organism where they could be further distrib-
uted by circulation and reach other organs distant 
from the lungs where they will elicit adverse 
effects. Nanotoxicology has get benefit from les-
sons learned in the toxicology of particles origi-
nated from air pollution [1]. Fine and ultrafine 
(nanosize range) particles are regulated in ambi-
ent air as it was clearly demonstrated that they 
contribute to mortality and morbidity that are not 
limited to respiratory causes. Their ability to 
induce inflammation as well as to cross the air- 
blood barrier is supposed to be involved in their 
systemic effects. In nanotoxicology it is thus cru-
cial to characterize the ability of NMs to enter 
and cross the epithelial barrier by identifying the 
physico-chemical properties of NMs favouring or 
preventing this process as well as by determining 
the cellular and molecular mechanisms involved.

This chapter will first describe the anatomic 
and tissular specificities of the respiratory tract as 
well as the defense mechanisms involved in par-
ticle clearance. We will then present the state of 

the art on NM internalization, translocation and 
biodistribution based on in vitro and in vivo 
studies.

2.2  The Respiratory Tract: Target 
Organ of Inhaled 
Nanomaterials

Respiration is an autonomic function and even 
being aware of the presence of a pollutant in the 
air we cannot stay without breathing for a long 
time. The only way to escape from exposure is to 
be able to get away from the polluted area. Air 
being frequently contaminated especially in spe-
cific environments, inhalation is a frequent route 
of exposure to pollutants among which NMs are 
emergent particulate air pollutants.

2.2.1  Structure of The Respiratory 
Tract

The respiratory tract is a pipe system with air-
ways allowing air conduction from the nose and 
the mouth to the lung and pulmonary alveoli 
(Fig. 2.1a). Alveoli are tiny air sacs at the ending 
of the smallest airways and constitute the respira-
tory zone where gas exchanges between air and 
blood take place. There are many alveoli, 300 
millions in adult humans, representing a large 
exchange surface (around 140 m2) and they are 
covered by very thin capillaries. This unit consti-
tutes the air-blood barrier characterized by a very 
short distance (0.3–0.5 μm) between air and 
blood allowing oxygen entry and CO2 release.

Conducting airways from trachea to bronchi-
oli are delimited by a mucociliary epithelium 
(Fig. 2.1b). It is a pseudostratified epithelium 
composed of ciliated cells bearing 200–300 cilia 
at their apical surface, goblet cells secreting 
mucus and basal cells involved in epithelium 
regeneration. The integrity of the epithelial bar-
rier is provided by different intercellular junc-
tions: tight junctions at the apical zone, adherens 
junctions and desmosomes at the lateral mem-
branes. The epithelium is separated from air by a 
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mucus layer that is continually swept from the 
distal to the proximal airways by the synchronous 
beating of cilia and finally expelled out of the 
lungs by expectoration or swallowed, removing 
entrapped particles, microorganisms and dis-
solved chemicals. The mucus layer is a mobile, 
essential barrier that protects the lungs when cili-
ary activity and mucus properties are maintained. 
At the level of the bronchiole, an additional cell 
types appears: club cells (previously called Clara 
cells) involved in xenobiotic metabolism.

Alveoli (Fig. 2.1c) are delimited by the alveo-
lar epithelium lying on a basal membrane. Type I 
and type II alveolar cells that are joined by tight 
junctions, form this epithelium. Type I alveolar 
cells are large (about 400 μm2/cell) and flat 

(0.1/0.2 μm thickness) cells covering 90–95% of 
the surface of the alveolus. There is an equivalent 
number of type II alveolar cells, that fill the 
10–5% remaining surface and which are special-
ized in the production of the surfactant, a tension- 
active substance covering the alveolar 
epithelium.

2.2.2  Particle Deposition

According to their physico-chemical characteris-
tics, airborne particles may enter different regions 
of the respiratory tract. Three main mechanisms 
can occur in particle deposition: impaction, 
sedimentation, and diffusion which depend on 

Fig. 2.1 The respiratory tract. (a) Scheme of the respira-
tory tract. (b) Details of the mucociliary epithelium lining 
the airways. The mucus layer produced by the goblet cells 
entraps particles and goes up towards the pharynx due to 
ciliary beating. (c) Details of the alveolar epithelium at the 
air-blood barrier. The alveolar epithelium is composed of 

Type II alveolar cells involved in surfactant synthesis and 
Type I alveolar cells that cover 90–95% of the alveolar 
surface. The air – blood distance is around 0.2–0.3 μm. 
Macrophages, that are free in the alveolar lumen, are 
involved in particle phagocytosis
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particle size, directional changes of air flow, and air 
velocity in the different parts of the respiratory 
tract. For NMs, diffusion predominates especially 
for the smallest ones for which the dynamic 
behavior looks like the one of gas molecules. 
This is the reason why an additional route of 
entry is suspected at the level of the olfactory 
epithelium in the nose. However, NMs can form 
aggregates and agglomerates modifying their 
deposition throughout the lung. Modulations of 
air flow due to physical efforts or respiratory 
diseases can profoundly change the levels and 
amount of deposited NMs. A computational model 
(MPPD for Multiple-Path Particle Dosimetry 
Model) is now available to predict particle depo-
sition in humans and rats according to the 
physico-chemical properties of NMs and differ-
ent exposure scenarios, allowing a precise dosim-
etry in specific parts of the respiratory tract [2].

2.2.3  Clearance Mechanisms

The clearance of insoluble particles occurs 
through two distinct processes: the mucociliary 
clearance and the alveolar clearance.

The mucociliary clearance results from the 
joined activity of goblet and ciliated cells allow-
ing the removal of particles trapped in the mucus 
layer. Within 24 h, particles are eliminated from 
the human airways by this efficient mechanism.

In alveoli, macrophages remove particles by 
phagocytosis and migrate towards the mucocili-
ary escalator to be eliminated, this whole process 
lasting several days. However, macrophages are 
less efficient in the phagocytosis of NMs com-
pared to microparticles, making NMs dwelling 
longer in the alveolar space increasing their prob-
ability to interact and enter the alveolar epithe-
lium and/or to cross the air-blood barrier.

2.3  Nanomaterial Internalisation

Excepting pathological situations or pollutant 
exposure that can affect epithelium integrity 
allowing paracellular passage, NM translocation 
implies a transcellular passage. Internalization of 

NMs will be the first step for this NM transloca-
tion and systemic distribution, especially for 
insoluble NMs. This internalization will also lead 
to their accumulation in the epithelium where 
they could induce adverse effects. A better 
knowledge of the determinants and molecular 
mechanisms involved in NM uptake may provide 
clues to create safer NMs. Determining the sub-
cellular localization of NMs is also particularly 
important to better understand potential mecha-
nisms of toxicity.

2.3.1  Mechanism of Internalization

The plasma membrane delineating cells is a lipid 
bilayer including proteins that regulate and coor-
dinate the entry and exit of molecules to maintain 
the specificity of the intracellular milieu rela-
tively to the extracellular environment. Nutrients 
and other physiological relevant molecules as 
well as pathogens or pollutants are captured from 
the extracellular medium by endocytosis leading 
to their internalization into vesicles originated 
from the plasma membrane. Endocytosis can be 
divided into phagocytosis which concerns the 
uptake of large particles, molecular complexes or 
bacteria, and pinocytosis dedicated to the capture 
of fluids and solutes.

Phagocytosis is classically used by the so 
called “professional phagocytes” (i.e. macro-
phages, monocytes, polynuclear neutrophiles) to 
protect the organism against invading pathogens 
or to take up cell debris and large particles. Their 
binding to specific receptors at the cell surface 
initiates the assembly of actin filaments leading 
to the engulfment of the particle like a zip. This 
will lead to the formation of large intracellular 
vesicles of 0.5–10 μm called phagosomes.

Concerning the process of pinocytosis, which 
is used by all cell types for the fluid phase  
uptake, different mechanisms are distinguished 
depending on the molecular mechanism involved: 
macropinocytosis, clathrin-mediated endocyto-
sis, caveolae-mediated endocytosis or clathrin 
and caveolae independent mechanisms. 
Macropinocytosis involves the formation of cell 
protrusions through the assembly of actin fila-
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ments but, in contrast to phagocytosis, the plasma 
membrane is not in close contact with the parti-
cle. This allows the uptake of big volumes of 
extracellular fluids into so called macropino-
somes of 0.5–5 μm. In the contrary, the clathrin- 
mediated endocytosis is used for the specific 
uptake of molecules via receptor-ligand interac-
tions. This process takes place at specific plasma 
membrane microdomains containing receptors 
linked to a submembrane network of proteins 
called clathrins. The formation of clathrin coated 
pits allows the invagination of the plasma mem-
brane and finally the formation of intracellular 
vesicles of 100–150 nm. Caveolae-mediated 
endocytosis also involves specific receptors pres-
ent in specialized lipid microdomains. These 
rafts are enriched in glycosphingolipids and cho-
lesterol and contain the protein caveolin that 
allows the formation of small vesicles or tubules 
of about 80 nm in diameter. Beside these three 
main pinocytosis processes exist some other 
receptor mediated endocytosis mechanisms, 
involving proteins such as flotillin, IL2Rbeta or 
Arf-6 that allow the detachment of vesicles from 
the plasma membrane [3]. All these internaliza-
tion mechanisms are active processes leading to 
the formation of intracellular vesicles. Some 
molecules could however also enter the cells via 
other processes such as through specific channels 
or passive diffusion through the membrane allow-
ing their direct interaction with the cytoplasm.

2.3.2  Endocytic Pathways Used 
by Nanomaterials

Several studies have investigated the mecha-
nisms involved in the uptake of NMs and the role 
of their physico-chemical characteristics by using 
different techniques and experimental 
approaches. Qualitative approaches, used to visu-
alize the interactions of NMs with cells and their 
intracellular localization, are often combined to 
quantitative approaches to enable the relative or 
absolute quantification of NM uptake. Electron 
microscopy is particularly interesting as their 
high optical resolution is compatible with the 
study of nanosized objects. In case of non- 

carbonaceous NMs, energy dispersive X-ray 
analysis could even be used to distinguish the 
NM from cellular components. Scanning elec-
tron microscopy (SEM) and atomic force micros-
copy (AFM) are other high resolution techniques 
commonly used to study the interactions of NMs 
with membranes [4]. However, as these high res-
olution techniques are very time-consuming, 
confocal fluorescence microcopy is often used to 
study the uptake mechanisms of NMs. For quan-
titative analysis, fluorescence plate readers or 
flow cytometry have often been used but these 
techniques did not distinguish between surface 
bound and actually internalized NMs. 
Fluorescence quenching molecules which did not 
enter viable cells such as Trypan blue have been 
used to selectively quench the fluorescence of 
NMs which stick to the cell surface and thus to 
only quantify the intracellular signal [5]. Imaging 
flow cytometry also allows eliminating the signal 
of the adsorbed NM by using image analyzing 
tools for high-throughput analysis of the images 
of each individual cell analyzed by the flow 
cytometer [6]. Fluorescence based techniques 
have however the disadvantage to express results 
in arbitrary units and could thus only quantify the 
relative uptake of NMs. This pitfall could be 
overcome by using confocal Raman microscopy, 
laser positioning secondary neutral mass spec-
trometry (laser SNMS), time-of-flight secondary 
ion mass spectrometry (TOF-SIMS), laser abla-
tion inductively coupled plasma mass spectrom-
etry (ICP-MS), or synchrotron beamlines which 
allow the elemental analysis of the sample in 
combination with high-resolution 3D imaging [7, 
8]. These techniques can thus not only be used 
for an absolute quantitative analysis of NM 
uptake but also for their surface or even subcel-
lular distribution.

There are however several nano-specific chal-
lenges which have to be taken into account for a 
reliable interpretation of the results such as inter-
ferences due to optical properties of NMs, neces-
sity of high resolution to distinguish single NMs, 
changes in their aggregation state due to experi-
mental conditions, dissolution of NMs, or adsorp-
tion of biomolecules. In case of labeled NMs it 
has to be checked that the detected signal is not 
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due to leakage or dissolution of the fluorochrome 
and that the labeling has not changed the surface 
properties of the NM. Core-shell labeling tech-
niques have thus been used to insure that the 
determined uptake mechanisms are representa-
tive of the unlabeled NM.

To determine the specific uptake mechanism 
involved, pharmaceutical inhibitors of the differ-
ent endocytic pathways have been used. However, 
these are often highly toxic and their specificity 
and efficiency have been questioned [9, 10]. 
Co-localization with specific proteins such as 
caveolin or clathrin or the use of siRNA of these 
proteins are also useful tools to identify the endo-
cytosis pathway. Combining inhibition of spe-
cific pathways with co-localization studies is 
crucial as different uptake mechanisms may be 
used to substitute the inhibited endocytic path-
way. Using such a combined approach Vranic 
et al. [6] have shown that SiO2 NPs of 100 nm are 
taken up by bronchial epithelial cells through 
macropinocytosis. This endocytic pathway seems 
indeed to be the most predominant uptake mech-
anism in epithelial cells. On the other hand, the 
uptake by alveolar macrophages could also 
involve phagocytosis of the material via receptor 
interactions. Some studies have also demon-
strated the involvement of caveolin or clathrin 
dependent endocytosis [11–13] or flotillin depen-
dent endocytosis [14] for NM uptake. Some NMs 
may even be able to enter cells by non active 
mechanisms as NMs have been found in red 
blood cells or could cross artificial membranes 
[4, 15, 16]. Studies using metabolic inhibitors 
have however shown that the uptake of NMs is 
most of the time due to active transport through 
the plasma membrane.

The uptake mechanism is particularly impor-
tant for the fate of NMs inside the cell. Indeed, 
macropinosomes or clathrin coated vesicles will 
fuse with lysosomes which are acidic and contain 
hydrolases and other enzymes to degrade mole-
cules or invading microorganisms. In contrast, 
caveolae can either fuse with the acidic lyso-
somes or with caveosomes which are endosomes 
with neutral pH which could traffic to the  
Golgi apparatus or the endoplasmic reticulum. 
The dissolution of NMs is fostered under acidic 

conditions and the uptake via caveolae may thus 
protect NMs from degradation. Some NMs have 
been shown to destabilize lysosomes such as 
TiO2 NPs in pulmonary cells [17] and are thus 
frequently found free in the cytoplasm. Some 
NMs have even been observed within the nucleus, 
for instance silica NPs in macrophages [18].

2.3.3  Physico-chemical 
Characteristics Influencing 
NM Uptake

The uptake mechanism will depend upon the 
physico-chemical properties of the NM. The size 
of the individual particle or the agglomerates/
aggregates is one of the main features influencing 
the endocytic pathway (Fig. 2.2). Indeed, nano-
sized objects may be taken up by clathrin depen-
dent endocytosis as this pathway leads to the 
formation of vesicles of 100–150 nm or could 
enter caveolae which are less than 80 nm in diam-
eter. Big particles (or agglomerates) will not be 
able to enter these small vesicles and will only be 
able to enter the cell by phagocytosis or macropi-
nocytosis. Indeed, phagosomes and macropino-
somes measure between 0.5 and 10 μm enabling 
the uptake of micron-sized structures. It is thus of 
crucial importance to ensure that the experimen-
tal conditions will not artificially modify the 
agglomerate size. Several pathways may be used 
simultaneously, especially if NMs or agglomer-
ates of different sizes will coexist. The preferen-
tial particle size for uptake will depend upon the 
cell type. Professional phagocytes such as macro-
phages are more efficient to take up micrometer 
particles but non phagocytic cells internalize bet-
ter NPs in comparison to macrophages [19]. The 
size of the NM will thus be a very important fea-
ture for the efficiency of the alveolar clearance 
but the size does not seem to play a major role in 
mucociliary clearance [20].

The shape of the NM will also influence their 
uptake (Fig. 2.2) such as curvature [21], rough-
ness [4], and the aspect ratio of the particle (rela-
tionship between width and height). For instance, 
rod shaped silica NM with an aspect ratio of 
2.1–2.5 were taken up by alveolar epithelial cells 
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in larger quantities compared to shorter or longer 
length rods [22]. Furthermore, alveolar macro-
phages could be unable to completely engulf 
high aspect ratio carbon nanotubes (termed frus-
trated phagocytosis) leading to an inflammatory 
reaction and pleural pathology including meso-
thelioma [23] just like the toxicity mechanism of 
inhaled asbestos fibers. Once again, the influence 
of the form on internalization has to be distin-
guished from its role in the adsorption of the NM 
to the cell surface. It has for instance been shown 
that prickly nanodiamonds adhere better to the 
cell surface but are less internalized than round 
nanodiamonds [24]. Beside these physical fac-
tors of size and shape, the surface properties of 
the NM will also be important factors for their 
internalization. Especially their hydrophobicity 
and surface charge will determine the interaction 
of NMs with cells. Indeed, the cell surface is neg-
atively charged favoring the interaction with pos-
itively charged NMs. Imaging flow cytometry 

has shown that a negative surface charge reduces 
the adsorption of TiO2 NPs to bronchial epithelial 
cells and their subsequent internalization [6]. 
Even though most studies are in favor of uptake 
facilitation by positive surface charges, some 
contradictory results have been reported which 
may be explained by concomitant changes in the 
hydrophobicity of the synthesized particles or 
preferential interactions with specific proteins 
[19]. The surface charge or hydrophobicity could 
also influence the mucus penetration and thus the 
mucociliary clearance as shown for negative 
hydrophilic PLGA NPs which diffused across the 
mucus layer in contrast to positive or neutral 
hydrophobic NPs [25].

The uptake of NMs will also depend upon the 
interaction with biomolecules they will encoun-
ter before reaching the cells (Fig. 2.2). Lipids or 
proteins of the lung lining fluids will indeed 
interact with the NM to form a corona around the 
particle. The physico-chemical properties of the 

Fig. 2.2 Parameters influencing nanomaterial uptake by 
pulmonary cells. The fate of NMs depends upon cellular 
determinants such as endocytic pathways (leading to 
acidic phagolysosomes or neutral caveosomes), the effi-
ciency of clearance mechanisms (alveolar or mucociliary 
clearance), and the cell type. The NM determinants of size 
(of individual NMs or their agglomerates), form (aspect 
ratio, curvature or roughness), interaction with biomole-

cules (lipids or proteins), and surface properties (such as 
charge and hydropobicity) will also influence the uptake 
of NMs. AEC alveolar epithelial cell, Cav caveolae, CEC 
ciliated epithelial cell, Clath chlathrin coated pit, CV 
Caveosome, DC dendritic cell, EC endothelial cell, FB 
fibroblast, GC goblet cell, M -Pino, Macropinosome, MP 
macrophage, PL phagolysosome, RBC red blood cell, 
SMC smoth muscle cell
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resulting hybrid bio-nanoparticle will be  different 
from the bare NM. Their so called “biological 
identity” will thus be determining for the cellular 
interaction. The biocorona will depend upon the 
NM characteristics as well as the physico- 
chemical properties of the proteins and the rela-
tive abundance of the proteins in the biological 
fluids. The composition of the corona can thus be 
modified when the NM moves from one environ-
ment to another. Many studies have investigated 
the consequences of NM incubation in serum but 
few studies have focused on the effect of surfac-
tant or mucus. Contradictory results have been 
observed as surfactant inhibited the uptake of 
silica NPs in bronchial epithelial cells and mac-
rophages [5]. Besides, incubation of polystyrene 
NPs with surfactant leads to the adsorption of 
surfactant protein A and D and enhanced NP 
uptake in alveolar epithelial cells [12]. Surfactant 
proteins have also been shown to facilitate the 
uptake of magnetite [26], polystyrene [27], diesel 
exhaust [28], and carbon black [28] NPs in mac-
rophages but inhibited the internalization of posi-
tively charged (amino-modified) polystyrene 
NPs [27]. Due to the role of protein corona in 
NM uptake, the use of serum as a dispersant 
agent or culture media additive might be a prob-
lem for toxicity testing as this may not reflect the 
actual exposure scenario, especially for inhala-
tion. It has been shown that dispersion of TiO2 
NPs in serum will increase the uptake by bron-
chial epithelial cells while reducing their in vitro 
and in vivo toxicity due to a concomitant reduc-
tion of their surface reactivity by the protein coat-
ing [29].

2.4  Nanomaterial Translocation

Adverse systemic effects induced by inhalation 
of NPs are suggested to result from lung inflam-
mation but also from the passage of particles 
through the respiratory barrier [30]. The mecha-
nism responsible for this crossing is called trans-
location. At the level of alveoli it enables NMs to 
cross the air-blood barrier to reach systemic cir-
culation and secondary organs. At the level of 

bronchioles where the distance to capillaries is 
larger, they may accumulate in the interstitium 
where they can reside for a long time as it has 
been shown in the lung parenchyma of women 
living in polluted cities [31]. Full evidence of 
NM translocation and further biodistribution was 
provided by in vivo studies using radiolabeled 
particles. In vitro models of epithelial barriers 
were developed with the aim to identify the 
mechanisms involved in the translocation process 
as well as to characterize the absorption phase in 
toxicokinetic studies. It is of paramount impor-
tance to understand the underlying mechanisms 
involved in the ability of NM to translocate epi-
thelial barriers. Knowing the physico-chemical 
characteristics preventing or favoring such pas-
sage would help in designing safer NMs either by 
reducing their crossing ability or by increasing it 
in the case of NMs used in nanomedicine.

2.4.1  In Vitro Studies

To determine how NMs can cross epithelial bar-
riers, in vitro models of these barriers are the best 
way to grasp the direct interaction between the 
cellular sheet and particles. There are two possi-
bilities for NMs to cross the epithelial barrier: the 
transcellular route also called transcytosis, or the 
paracellular route (Fig. 2.3).

Transcytosis consists in the transfer from the 
apical side of the epithelium to the basal side 
through cells. This implies that NMs are internal-
ized by cells at the apical side of the epithelium 
where NM exposure takes place and then be 
transferred through the cells before a final exocy-
tosis at the basal side. The paracellular route con-
sists in the transfer between cells through the 
different junctions which are established between 
each epithelial cell. Among them, tight junctions 
are located at the apical side of cells and are piv-
otal to ensure the sealing of the epithelial sheet 
and its impermeability. In tight connection with 
the cytoskeleton they also contribute in maintain-
ing the structure of the epithelium. However dif-
ferent insults (pollutants, chronic inflammation, 
or infection) can disrupt these junctions allowing 
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NMs to enter the intercellular space and to reach 
the basal side, as the junctions below the tight 
junction area are weaker. NMs themselves could 
disturb these junctions as it was shown for adhe-
rens junctions of endothelial cells [32]. TiO2 as 
well as SiO2 and Ag NPs were shown to physi-
cally interact with VE-cadherin triggering its 
phosphorylation and loss of contact with p120 
and β-catenin. This induces signaling pathways 
that lead to actin remodeling and VE-cadherin 
degradation leading to endothelial cell leakiness 
[33]. In order to study NM translocation in vitro, 
cells have to be seeded on porous membranes of 
an insert device allowing the separation of the 
apical compartment corresponding to the face 
exposed to the air, from the basal compartment 
mimicking the blood. Particles are applied to the 
apical side and those having crossed the epithe-
lial barrier are recovered in the basal one.

For a better relevance, models established 
using human cells are favored. Many human air-
way/alveolar cell lines or primary cells are avail-

able but for translocation studies, they have to 
meet some criteria:

 – To be cultivable on insert devices (such as 
Transwells®) to separate apical and basal 
sides and to obtain polarized epithelium.

 – To grow on insert membranes which exhibit 
pores large enough to allow NM transfer to the 
basal compartment.

 – To form tight junctions to obtain an efficient 
epithelial barrier. The strength of the tight 
junctions can be checked by monitoring the 
Trans-Epithelial Electric Resistance (TEER) 
or by measuring the paracellular crossing of 
marker molecules. For instance, Lucifer 
Yellow is a fluorescent dye which when 
applied for a short time, can cross an epithe-
lium only by the paracellular route.

Alveolar epithelial cells could be used to 
establish an air-blood barrier in vitro. However, 
the most commonly used human alveolar type II 

Fig. 2.3 Translocation processes through the epithelial 
barrier. Epithelial cells form a tight barrier due to the pres-
ence of tight junctions. The translocation of particles from 
the air compartment to the blood can occur either through 
cells, a process called transcytosis which requires the 

uptake of the particle by cells and their traffic from the 
apical part to the basal part of the cells for exocytosis, or 
by the paracellular route in case of opening of the junc-
tions either by nanomaterials or other insults
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cell line A549 do not establish strong tight junc-
tions even when grown on inserts for several days 
[33, 34]. The immunolabeling of the protein 
ZO-1 (zonula occludens-1) associated to tight 
junctions did not show consistent staining and the 
TEER detected for this model was low (around 
40 ohm/cm2) after more than 10 days in culture 
[34, 35]. An alveolar type I-like cell phenotype 
was recently obtained by immortalization of pri-
mary human alveolar type II cells but they are 
also characterized by a low TEER (57 ohm/cm2) 
[12, 36].

Several studies have compared different 
human respiratory cell lines to investigate which 
one could produce a tight epithelium in vitro 
(Table 2.1) to be suitable for translocation studies 
[33, 34, 37]. It became apparent that until now, 
the Calu-3 cell line offers the best compromise 
albeit it is not an alveolar cell. When grown on 
inserts, this human bronchial epithelial cell line 
derived from a lung adenocarcinoma, produced a 
polarized epithelium with a dense web of micro-
villi at the apical surface, synthesized and 

released mucus, and exhibited a high TEER 
(>500 Ω/cm2) [34]. With this model, different 
studies have been performed to characterize the 
translocation of NMs as summarized in Table 2.1. 
Geys et al. using polystyrene NPs of 46 nm in 
diameter and being either carboxyl- or amine 
modified, found a 6% translocation whatever the 
modification [37]. George et al., using SiO2 NPs 
of different sizes and charges, demonstrated that 
translocation was increased for the smallest and 
negatively charged NPs reaching up to 17% [38]. 
Cohen et al., using ZnO NPs and CeO2 NPs of 
two different sizes with or without a SiO2 coat-
ing, observed a translocation for all NMs but at 
very low amounts (<0.01%) [39]. The common 
feature of these studies is that the translocation 
was not associated with an alteration of the integ-
rity of the epithelial monolayer, suggesting trans-
cytosis of internalized NMs. However, altogether 
these data revealed that the amount of transloca-
tion could be quite different according to the 
physico-chemical properties of the NM. For now, 
not enough studies have been performed to 

Table 2.1 Overview of the different studies investigating nanomaterial translocation in vitro

Cellular model(s) Nanoparticles characteristics Main findings References

Calu-3
A549
Murine 
pneumocytes

Polystyrene 46 nm
Carboxyl- and amine-modified 
particles
Detection: fluorescence

Acceptable TEER only for Calu-3
6% translocation

Geys et al. 2006 
[37]

Calu-3 CeO2, ZnO 28–120 nm
uncoated and SiO2-coated
Detection: Gamma spectroscopy

Significant translocation of each type 
of material
0,0025–0,025% of translocation

Cohen et al. 
2014 [39]

ATI and ATII 
cells

Polystyrene 50, 100 nm
Unmodified, carboxyl- modified, 
amine-modified
Detection: fluorescence

Translocation ensured by AT1 cells
Unmodified-50 nm: 3% translocation
Carboxyl-modified-50 nm: 8% 
translocation

Thorley et al. 
2014 [12]

Calu-3
A 549
NCI-H292

SiO2-FITC 50 nm
Uncoated
Detection: fluorescence

Acceptable TEER only for Calu-3
3% translocation

George et al. 
2015 [34]

Calu-3 SiO2, TiO2

16, 50, 100 nm
Negatively or positively charged
Detection: fluorescence

17.9%/14.4%/12.1% translocation 
for 16, 50, 100 nm SiO2 (−)
13%/5%/4% translocation for 16, 50, 
100 nm SiO2 (+)

George et al. 
2015 [38]

A549
MLE-12  
(murine ATII)
16HBE14o-

Au
2, 7, 18, 46, 80 nm
Uncoated
Detection: ICP-MS

Translocation rate inversely 
correlated with size

Bachler et al. 
2015 [35]
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clearly identify which particle determinants are 
the most relevant in particle translocation. 
Characteristics such as size, aggregation, compo-
sition, charges and coating are among the factors 
that could contribute to this process as underlined 
by the few examples already described above and 
summarized in Table 2.1. In addition to these 
intrinsic NM properties, it has also to be taken 
into account the influence of the cellular environ-
ment that can favor the creation of a biocorona on 
the NMs modulating their fate [38].

2.4.2  In Vivo Studies

For a long time it was suspected that the extrapul-
monary effects induced by exposure to ambient 
particulate matter was in part related to the trans-
location of their ultrafine fraction without being 
able to demonstrate it in absence of a sensitive 
detection method [40]. In 2002 Nemmar et al. 
claimed that (99 m)Technecium-labeled ultrafine 
carbon particles pass into the systemic circula-
tion shortly after inhalation by five healthy vol-
unteers [41]. However, two other studies did not 
confirm significant translocation of these NMs 
and demonstrated that the gamma camera imag-
ing technique used to detect the NM was in fact 
detecting unbound (99 m)Tc-pertechnetate [42, 
43]. Thanks to stable radiolabeled engineered 
NPs, it became evident from animal studies that 
this translocation was possible allowing their bio-
distribution to secondary organs. The liver is fre-
quently the one accumulating the most important 
part of NMs. Translocation has now been demon-
strated for a large panel of NMs (as summarized 
in Table 2.2) such as organic ones including poly-
meric and carbonaceous NPs [41–43, 45, 46], 
metal oxides [47–49], metals such as gold and 
iridium [35, 45–47, 49–55]. According to the 
studies, the translocation is not always fully 
quantified but limited to the detection of NMs in 
some secondary organs. Studies from Kreyling’s 
group have performed mass balance analysis 
showing that the translocation after unique expo-
sure was very low. As an example, maximum in 
vivo translocation of up to 5% was documented 
for polystyrene latex NPs after pulmonary instil-

lation in rats [56]. Translocation rates are mostly 
under 1% and can be influenced by the adminis-
tration route: <0,02% and <0,06% for iridium 
NPs after respectively inhalation and endotra-
cheal intubation in rats [50, 51].

Size seems to be a critical parameter driving 
the ability of NMs to cross the air-blood barrier. 
It was demonstrated by Choi et al. using a large 
panel of organic, inorganic and hybrid NMs 
which fate after instillation in rats was detected 
on line owing to their near-infrared fluorescence 
that they accumulate in lymph nodes [46]. They 
concluded that a rapid translocation in the lung 
required NPs with a hydrodynamic diameter 
under 38 nm and that below this size the amount 
of translocation was dependent on charges [46]. 
The role of the size was also strengthened by 
studies of Kreyling’s group using radiolabeled 
NPs such as iridium and gold NPs [41, 55]. They 
showed that the translocated fraction of the 
80 nm Ir NPs inhaled by rats for one hour was 
about an order of magnitude less than that of 
15-nm Ir NPs [50]. For Au NPs intratracheally 
instilled in rats, the highest translocation at 24 h 
was observed for 1.4 nm Au NPs and the lowest 
for 80 nm Au NPs but 200 nm Au NPs exhibited 
a higher translocation rate than 80 nm Au NPs 
[55]. In addition, they observed that negatively 
charged NPs had a better translocation rate than 
positively charged NPs supporting Choi’s con-
clusions. These data underline that size and 
charge are important determinants of NM trans-
location but other studies also revealed the role of 
the coating [46].

In one study it was investigated whether the 
translocation rate could be modified in compro-
mised animals. A murine model of cystic fibrosis 
was compared to wild type mice after a one hour 
inhalation of 30 nm iridium NPs. The biokinetic 
was not modified but an increased uptake of 
nanoparticles by alveolar cells was observed in 
compromised animals [53].

Translocation from the respiratory tract is not 
limited to the deep lung but can also occur in its 
upper part at the nasal level where the NMs may 
reach the brain through the olfactory bulb. This 
pathway was first suggested by Elder et al. having 
observed an accumulation of manganese oxide 
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Table 2.2 In vivo studies investigating translocation of nanomaterials from respiratory route

Animal model(s)

Nanoparticles 
characteristics Main findings Reference

Exposure mode

Time of detection

Hamsters Albumin 100–200 nm Radioactivity distribution shows low 
biodistribution (<1%) in secondary organs 
(liver, heart, spleen, kidneys, brain)

Nemmar et al. 
2001 [44]Endotracheal 

intubation
Uncoated

60 min Detection: radioactivity

Rats Iridium 15–80 nm Translocation in very low amount to liver, 
spleen, kidney, heart and brain (<0,02%)

Kreyling et al. 
2002 [50]Inhalation Uncoated

7 days Detection: radioactivity

Human Carbon 5–10 nm Detectable translocation to liver (stable with 
time) and bladder (decreasing with time)

Nemmar et al. 
2002 [41]Inhalation Uncoated

60 min Detection: radioactivity

Rats Carbon 35 nm Small but significant translocation to several 
part of brain (<0,5 μg 13C/g of tissue)

Oberdörster 
et al. 2004 
[58]

Whole body exposure Uncoated

7 days Detection: radioactivity

Rats Iridium 15–20 nm Rapid translocation to secondary organs 
(liver, spleen, brain, kidney) very low 
(<0,06%) decreasing with time (complete 
excretion after 20 days)

Semmler et al. 
2004 [51]Endotracheal 

intubation
Uncoated

180 days Detection: Radioactivity

Rats Manganese oxide 30 nm Significant increase of Mn in several part of 
brain increasing with time and number of 
exposures

Elder et al. 
2006 [47]Whole body + 

intranasal instillation
Uncoated

12 days Detection by ICP-MS Highest rate of translocation in olfactory bulb

Human Carbon 5–25 nm Translocation into blood, excreted with urine Mills et al. 
2006 [42]Inhalation Uncoated No accumulation of radioactivity detected  

over liver or spleen6 h Detection: radioactivity

Human Carbon 35 nm Translocation into blood, excreted with urine Wiebert et al. 
2006 [43]Inhalation Uncoated

24 h Detection: radioactivity No accumulation of radioactivity detected  
over liver or spleen

Rats Iridium and carbon 24 h retention of NPs shows biodistribution 
to various secondary organs (liver, spleen, 
kidneys, heart, brain, blood)

Kreyling et al. 
2009 [45]Inhalation Primary size: 2–10 nm

24 h Uncoated

Detection: radioactivity

Rats Polystyrene latex 
20–1000 nm

Significant translocation to secondary organs 
(up to 5%)

Sarlo et al. 
2009 [56]

Oropharyngeal 
aspiration

Carboxylated surface

120 days Detection: fluorescence Translocation rate depending organ (retention 
of several size particles in different organs up 
to 90 days)

Rats Organic/inorganic/
hybrid

Translocation to blood and secondary organs Choi et al. 
2010 [46]

Pulmonary 
instillation

5 à 300 nm

60 min ZnCds, Zns, PEG coated

Detection: near-infrared 
fluorescence

(continued)

C. Puisney et al.



33

Table 2.2 (continued)

Animal model(s)

Nanoparticles 
characteristics Main findings Reference

Exposure mode

Time of detection

Rats Gold 5–30 nm No detectable translocation Lipka et al. 
2010 [52]Intratracheal 

instillation
Au-Phos, Au-PEG750, 
Au-PEG10k

24 h Detection: radioactivity

Mice Europium oxide 
80–100 nm

Large fraction remaining in the lung but 
significant translocation to secondary organs 
detectable 24 h after instillation (kidney, 
heart, liver, spleen)

Abid et al. 
2013 [48]

Oropharyngeal 
aspiration

Gadolinium coated

60 min Detection by ICP-MS

Mice (+/− cystic 
fibrosis)

Iridium 30 nm Translocation in very low amount detectable 
24 h after exposure in both +/− cystic fibrosis 
mice in several organs (trachea, heart, brain, 
skin, liver, skin, kidney)

Geiser et al. 
2014 [53]

Inhalation Uncoated

24 h Gamma spectroscopy

Mice Polymere-lipid 
155–450 nm

Translocation to liver and kidney for both 150 
and 450 nm

Garbuzenko 
et al. 2014 
[59]Inhalation Uncoated

4 weeks Detection: fluorescence

Rats Barium sulfate 
150–350 nm

Translocation to several part of the body Konduru et al. 
2014 [60]

Intratracheal 
instillation

Uncoated

7 days Detection: radioactivity Long term translocation increasing in bone 
and bone marrow

Rats Gold Translocation rate is inversely correlated with 
nanoparticles sizes

Kreyling et al. 
2014 [55]Intratracheal 

instillation
(1.4, 2.8, 5, 18, 80, 
200 nm) Thioglycolic 
acid, cysteamine coated

24 h Detection: Radioactivity Charge do not influence retention in lung but 
negatively charges particles are preferentially 
translocated

Rats Titanium Dioxide 
20–1680 nm

Translocation rate is correlated with 
administered dose

Shinohara 
et al. 2015 
[49]Intratracheal 

instillation
Uncoated vs Al(OH)3 
coated

90 days Detection by ICP-SFMS

Rats and mice Gold 2–80 nm Translocation rate is inversely correlated with 
nanoparticles sizes

Bachler et al. 
2015 [35]Inhalation and 

intratracheal 
instillation

Uncoated

96 h In silico modelisation

Rats 192Iridium 20 nm Higher accumulation in brain and more 
circulating NP in blood after nose-only 
inhalation

Kreyling et al. 
2016 [57]Nose-only inhalation 

and intratracheal 
inhalation

Detection: radioactivity

1 h Translocation to the brain is favored by 
deposition of particle in the upper respiratory 
tract via theneuronal pathways
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NPs in the olfactory bulb [47]. These findings 
were recently confirmed by Kreyling et al. who 
performed different types of exposure (nose- only 
and ventilation/intubation) to determine the con-
tribution of the olfactory bulb in NP accumula-
tion in the brain. The amount of iridium NPs 
accumulated in the brain was ten times higher in 
case of nose-only exposure [57].
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Transmucosal Nanoparticles: 
Toxicological Overview
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Abstract

Nanoparticles have specific physicochemical properties different to bulk 
materials of the same composition and such properties make them very 
attractive for commercial and medical applications. Mucoadhesive 
nanoparticulate dosage forms are designed to enable prolonged retention 
of these nanoparticles at the site of application, providing a controlled 
drug release for improved therapeutic outcome. Moreover, drug delivery 
across the mucosa bypasses the first-pass hepatic metabolism and avoids 
the degradation by gastrointestinal enzymes. However, like most new 
technologies, there is a rising debate concerning the possible transmucosal 
side effects resulting from the use of particles at the nano level. In fact, 
these nanoparticles on entering the body, deposit in several organs and 
may cause adverse biological reactions by modifying the physiochemical 
properties of living matter. Several investigators have found nanoparticles 
responsible for toxicity in different organs. In addition, the toxicity of 
nanoparticles also depends on whether they are persistent or cleared from 
the different organs of entry and whether the host can raise an effective 
response to sequester or dispose of the particles. In contrast to many efforts 
aimed at exploiting desirable properties of nanoparticles for medicine, 
there are limited attempts to evaluate potentially undesirable effects of 
these particles when administered intentionally for medical purposes. This 
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chapter focuses on the overview of the mucosal systems, fate of nanopar-
ticles, mechanism of nanoparticle’s toxicity and the various toxicity issues 
associated with nanoparticles through mucosal routes.
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Abbreviations

AgNPs Silver nanoparticles
AP-1  Activator protein-1
ARE  Antioxidant-response element
ATP  Adenosine triphosphate
BBB  Blood brain barrier
BSA  Bovine serum albumin
CBF  Ciliary beat frequency
CeO2  Cerium dioxide
CNS  Central nervous system
CNTs Carbon nanotubes
CRP  C-reactive protein
CTAB Cetyltrimethylammonium bromide
CuO  Copper oxide or cupric oxide
CVM Cervicovaginal mucus
DCFH-DA 2,7- dichlorofluorescein diacetate
DISC Death-inducing signalling complex
DMPC  1,2 Dimyristoyl-sn-glycero-3- 

phosphocholine
DNA  Deoxyribonucleic acid
DPPC Dipalmitoylphosphatidylcholine
Egg-PC Egg-phosphatidylcholine
ELISA  Enzyme-linked immunosorbent 

assay
ERK  Extracellular signal-related kinases
FAS  First apoptosis signal
Fe2O3 Ferric oxide
FeO  Iron oxide or ferrous oxide
GFR  Epidermal growth factor receptor
GIT  Gastrointestinal tract
GRO-alpha Growth-regulated oncogene-alpha
GSH  Glutathione (reduced)
H2O2 Hydrogen peroxide
Hb  Hemoglobin

HM-EHEC  Hydrophobically modified ethyl 
hydroxyethyl cellulose

HM-HEC  Hydrophobically modified hydroxy-
ethyl cellulose

HPLC  High pressure liquid chromato- 
graphy

HSV  Herpes simplex virus
IFN  Interferon
IL  Interleukins
JNK  c-jun NH2-terminal kinases
KD  Kilo Dalton
LDH  Lactate dehydrogenase
MAPK Mitogen-activated protein kinase
MgO  Magnesium oxide
MHC Major histocompatibility complex
MNPs Magnetic nanoparticles
MOCs Mini organ cultures
mRNA Messenger ribonucleic acid
MTT   3-(4,5-Dimethylthiazol-2-Yl)-2,5- 

Diphenyltetrazolium Bromide
MWCNTs Multi walled carbon nanotubes
NF-κB  Nuclear factor kappa-light- chain-

enhancer of activated B cells
NiO  Nickel oxide
NPs  Nanoparticles
Nrf2   LNT induced NF-E2 p45-related 

factor 2
PbAc Lead acetate
PCEP  (poly{[(cholesteryl oxocarbonyl-

amido ethyl) methyl bis(ethylene) 
ammonium iodide] ethyl phosphate})

PCL  Poly ε-caprolactone
PCR  Polymerase chain reaction
PEG  Polyethylene glycol
PEO  Poly(ethylene oxide)
PLGA Poly(lactic-co-glycolic acid)
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PTP  Protein tyrosine phosphatases
QD  Quantum dot
qPCR  Quantitative polymerase chain 

reaction
RNA  Ribonucleic acid
ROS  Reactive oxygen species
RT-PCR  Reverse transcriptase polymerase 

chain reaction
SA  Stearic acid
SiO2  Silica dioxide
SOD  Super oxide dismutase
SWCNTs Single walled carbon nanotubes
TAP   Diacyl-TAP (l,2-diacyl-3- trimethy-

lammonium propane
TiO2  Titanium dioxide
TJs  Tight junctions
TNF  Tumor necrosis factor
WST-1 Water-soluble tetrazolium salts
ZnO  Zinc oxide

3.1  Introduction

3.1.1  Overview of Mucosal System

A mucous membrane is an epithelial tissue layer 
lining various cavity of the body and surrounds 
internal organs. It is of ectodermal origin and 
is incessant with the skin at various body open-
ings such as the eyes, ears, inside the mouth, 
inside the nose, the urogenital tract, digestive 
tract, and respiratory tract. Mucous membranes 
are moist due to the presence of glands which 
secrete a thick fluid known as mucous. It serves 
many functions like lubrication for the passage 
of objects, maintenance of a hydrated layer over 
the epithelium, a barrier to pathogens and noxious 
substances and as a permeable gel layer for the 
exchange of gases and nutrients with the under-
lying epithelium. Mucous is primarily composed 
of water (95%), but also contains salts, lipids 
such as fatty acids, phospholipids and choles-
terol, proteins which help a defensive purpose 
with lysozyme, immunoglobulins, defensins 
and growth factors. However, the glycoprotein 

mucin is the main component that is responsible 
for its viscous and elastic gel-like properties. 
Mucins are large, extracellular glycoproteins with 
molecular weights ranging from 0.5 to 20 kDa. 
Both membrane bound mucins, and secreted 
mucins share many common features. They both 
are highly glycosylated consisting of 80% car-
bohydrates primarily N-acetylgalactosamine, 
N-acetylglucosamine, fucose, galactose, and 
sialic acid (N-acetylneuraminic acid) and traces 
of mannose and sulphate. Mucin has been difficult 
to characterize, due to its large molecular weight, 
high polydispersity and high degree of glycosyl-
ation. The conformation of mucin depends on var-
ious factors such as pH and ionic strength though 
sugars also play important role for maintaining 
the extended conformation of mucin [1].

3.1.1.1  Mucous and Pharmacology
The physical state of the mucous, change in the 
concentration of mucin, and the strong depen-
dence of its physicochemical properties on factors 
such as ionic strength and pH play a significant 
role in many diseases. For example, many bacteria 
possess specific adhesins that specifically bind to 
mucous which helps them to reside within the 
mucus. This includes pathogenic strains of 
Helicobacter, Pseudomonas, Streptococcus and 
Pneumococcus. Helicobacter pylori particularly 
resides in the mucus layer of the stomach, and is a 
common cause of ulcers [2, 3]. Some parasitic 
organisms also secret their own layers of mucus to 
escape the immune system. Secondly, overproduc-
tion of mucus is involved in cystic fibrosis, bron-
chitis, asthma and in middle ear infections, and 
mucus gels serve as the matrix in which gallstones 
are nucleated and grow. Whilst, mucus underpro-
duction is present in dry eye syndromes and in 
some forms of ulcer disease. Various drug delivery 
systems based on mucoadhesive interactions like 
polyelectrolytic interactions (chitosans, poly-
acrylic acid, etc.), hydrogen bonds (hydrogels), 
and disulphide binding (thiomers) have been opti-
mized to increase the residence time. Development 
of nanoparticles for mucosal DNA vaccines and 
gene therapy are also being underway [4].
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3.1.2  Brief Discussion on Mucosal 
Routes of Exposure

Currently many of the treatments depend on sys-
temically administered therapies which treat the 
diseased sites but are toxic to healthy tissues lim-
iting treatment efficiency due to patient noncom-
pliance [5]. The advent of micro-and nano-delivery 
technologies combined with the non-invasive 
administration brings new confidence for the 
treatment of disease. Micro-and nano-delivery 
technologies overcomes the problem of drugs and 
genes poor solubility, protect drugs from acid 
degradation or enzymatic degradation, increase 
blood circulation, reduce plasma clearance, 
escape the reticuloendothelial system uptake, and 
achieve higher cellular interaction. Micro- and 
nano-carriers must increase retention time in the 
mucus to improve the diffusion across the mucus 
barrier, which is a challenge in drug delivery. 
Positively or negatively charged nanocarriers 
could prolong the retention time in the mucus by 
binding forces with negatively or positively 
charged mucin glycoproteins. Mucoadhesive drug 
delivery systems in the past have been formulated 
as powders, compacts, sprays, semisolids, or films 
[6, 7]. For example, compacts have been used for 
drug delivery to the oral cavity, and powders and 
nanoparticles have been used to facilitate drug 
administration to the nasal mucosa. Recently oral 
strips were developed for tongue or buccal cavity. 
Transmucosal routes covered in the review are 
discussed as follows:

3.1.2.1  Ocular Mucosa
Drug administration to the eye is a challenge 
because of several clearance mechanisms (tear 
production, tear flow, and blinking) that protect the 
eye from harmful agents. The mucus layer, 40 mm, 
which is secreted by the goblet cells onto the eye 
surface, is intimately associated with the glycoca-
lyx of the corneal/conjunctival epithelial cells. The 
mucus layer is very sensitive to hydration and 
forms a gel-layer with viscoelastic rheological 
properties. It protects the epithelia from damage 
and enables movements of the eyelids. The mucus 
gel entraps bacteria, cell debris, and foreign bod-
ies, forming “mucous threads” consisting of thick 

fibres arranged in bundles. Due to the composi-
tion, physicochemical properties and structure of 
the tear film, various factors impact the ocular 
mucoadhesion. Very few ophthalmic formulations 
containing bioadhesives or penetration enhancers 
are commercially available in the market. The use 
of bioadhesives considerably extends the corneal 
retention time, whereas the absorption promoters 
increase the rate and amount of drug transport. 
Combining the two approaches will promise an 
increase in the bioavailability [8, 9].

3.1.2.2  Nasal Mucosa
The nasal mucous membrane lines the nasal cavi-
ties having area of approximately 150 cm2 with 
highly dense vascular network and relatively per-
meable membrane structure, and is adherent to 
the periosteum or perichondrium of the nasal 
conchae [10]. From the nasal cavity, it is continu-
ous with the conjunctiva through the nasolacri-
mal and lacrimal ducts; and with the frontal, 
ethmoidal, sphenoidal, and maxillary sinuses, 
through the several openings in the meatuses. 
The mucus layer is 5–20 mm thick and is divided 
into two layers, where the outer layer has a high 
viscosity and a gel-like character, while the layer 
closest to the cells has a lower viscosity enabling 
the cilia to move. The turnover time for mucus is 
usually given as 10–15 min, but it is affected by 
both environmental conditions and diseases [11]. 
Nasal mucoadhesive drug delivery has been 
under active investigation for controlled release 
dosage forms to deliver drugs directly to the CNS 
bypassing the BBB. Drugs administered intrana-
sally can travel along the olfactory and trigeminal 
nerves to reach many regions within the CNS and 
achieve brain targeting. Although, nasal route of 
administration has gained substantial interest, it 
is limited by the rapid mucociliary clearance, 
resulting in a limited contact period allowed for 
drug absorption through the nasal mucosa [12].

3.1.2.3  Oral Mucosa
Drug delivery through the oral mucosa (buccal 
and sublingual) has gained significant attention 
due to its convenient accessibility. The total sur-
face area of the oral cavity is approximately 
100 cm2, of which the buccal mucosa represents 

S. Talkar et al.



41

approximately one-third. The epithelium of the 
oral mucosa consists of a stratified squamous epi-
thelium, the thickness of which varies depending 
on the site. In the buccal region, the epithelium is 
around 40–50 cells thick, whereas it is somewhat 
thinner in the sublingual area. The mucus in the 
oral cavity is secreted by salivary glands as a 
component of the saliva and is adsorbed to the 
surface of the oral mucosa, forming a 0.1-0.7mm 
thick layer. Sublingual mucosa is more perme-
able than buccal mucosa, but sublingual adminis-
tration is difficult for formulations intended to act 
over a long period of time [11]. Drug delivery 
through the oral mucosa offers several advan-
tages over other drug delivery systems including 
bypassing hepatic first-pass metabolism, increas-
ing the bioavailability of drugs, improved patient 
compliance, excellent accessibility, unidirec-
tional drug flux, and improved permeability [13]. 
The oral cavity has been used as a site for local 
and systemic drug delivery in different dosage 
forms like adhesive gels, tablets, films, patches, 
ointments, mouth washes, and pastes.

3.1.2.4  Pulmonary Mucosa
The bronchial wall is made up of mucosa, lamina 
propria, smooth muscle, and submucosa with 
interspersed cartilage. Submucosal glands are 
found in the normal human bronchial tree in air-
ways with cartilage in the wall. The glands lie 
between the epithelium and plates of cartilage 
and between, and occasionally external to, the 
plates of cartilage. The secretory tubules in bron-
chial tree arise directly from the collecting duct 
and are usually branched. At the end of each, a 
cluster of short tubules is found. Two types of 
secretory cells have been recognized in the bron-
chial submucosal glands lining the tubules, the 
mucous and serous. Mucous cells line each secre-
tory tubule and its main branches, from the col-
lecting duct to the distal cluster of short tubules. 
The mucous tubules comprise only columnar 
mucous cells with goblet cells and basal cells. 
The density of goblet cells progressively 
decreases from the periphery and disappears at 
the level of terminal bronchioles. The presence of 
mucin, water, and electrolytes contributes to the 
solubility of bronchial secretions while the cilia 

present in the luminal facet of epithelial cells are 
responsible for the rhythmic upward movement 
of bronchial secretions within the lung to the 
pharynx [14, 15].

3.1.2.5  Rectal and Vaginal Mucosa
The geometry and morphology of the lower 
colorectal canal vary with location, and exhibit 
both macroscopic and microscopic features. On the 
macroscopic scale, rectal folds create creases and 
canyons on the mucosal surface. The large folds are 
found in the relatively short anal canal, which is 
about 2–4 cm long, ending in the anal verge and 
contains a stratified squamous epithelium. The rec-
tum has crypts on its surface with a thin columnar 
epithelium having 40–120 μm in diameter and up 
to about 1 mm in depth. The characteristic length 
for transport into the mucosal tissue is only about 
1 mm, i.e. the thickness of the mucosa.

The human vaginal walls are lined with strati-
fied squamous epithelium containing numerous 
folds, or rugae, which permit for distension and 
increased surface area for absorption. Due to the 
intra-abdominal pressure that collapses the rugae, 
high internal surface area, and tortuosity of the 
vaginal canal, to achieve adequate distribution of 
a vaginal product is a challenge. Cervicovaginal 
mucus (CVM) serves as a physical barrier to pro-
tect the vagina against infection in addition to the 
epithelium. Mucus produced at the cervix bathes 
and coats the vaginal walls, mix with vaginal epi-
thelial cells and vaginal transudate. The CVM is 
composed mostly of water (~90 to 95%) with 
gel-forming glycoproteins, lipids, soluble pro-
teins, enzymes, and various immune factors. 
However, ovulatory mucus is produced in more 
copious amounts, thus facilitating clearance and 
impeding drug absorption [10, 11].

3.2  Fate of Nanoparticles 
via Transmucosal Route

Nanoparticles (NPs), when administered via 
transmucosal route aid in efficient delivery of the 
drug without eliciting pain. Drug absorption is 
higher through a mucosal surface as compared to 
transdermal delivery due to the absence of stra-
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tum corneum. Mucosal surfaces are usually rich 
in blood supply, providing the means for rapid 
drug transport to the systemic circulation and 
avoiding degradation by first-pass hepatic metab-
olism. However, mucus acts as a barrier to diffu-
sion of lipophilic drugs that interact with the 
glycoproteins and lipids in the mucus [16]. 
Nanoparticle (NP) research has proved that NPs 
cross mucosal barriers and undergo cellular 
uptake. Properties such as size, surface charge, 
shape, hydrophobicity, surface chemistry, and 
protein and ligand conjugates affect the phenom-
ena [17].

3.2.1  Molecular and Cellular 
Interactions

Following administration, NPs interact with the 
mucosal membranes in the vicinity and are either 
internalised into the cell or remain attached to the 
mucosal lining and are eliminated without any 
further activity. After internalisation, NPs release 

their contents inside the cell and are then sub-
jected to degradation. Figure 3.1 represents the 
pathways followed by Nanoparticles following 
administration via transmucosal route.

3.2.1.1  Pathways of Internalisation
Internalization occurs through intracellular, para-
cellular, and transcellular pathways [18].

 (a) Intracellular endocytosis

Intracellular endocytosis is of two types i.e. 
pinocytosis and phagocytosis.

Pinocytosis is the ingestion of liquid into a 
cell by the budding of small vesicles from the cell 
membrane. Pinocytosis is further divided into 
Clathrin mediated, Caveolae mediated and mac-
ropinocytosis [17]. Clathrin-mediated endocyto-
sis involves clathrin-coated vesicle formation in 
the presence of adaptor and accessory proteins. 
Signalling of the NP on the cell surface, aligns 
surface proteins and aids to begin clathrin- coating 
on the inner membrane of the cell. An adaptor 

Nanoparticles

Protein Corona Retention on mucosal
membranes

Degradation/
Clearance

Drug Release

Intracellular
Endocytosis

Pinocytosis Phagocytosis

Internalisation

Drug Release

Lysosomal
degradation

Transcellular
Endocytosis

Paracellular
Endocytosis

Fig. 3.1 Pathways followed by NPs following administration via transmucosal route
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protein, Epsin, helps pit formation and accessory 
protein dynamin (GTPase) affects vesicle forma-
tion. Thus, a clathrin-coated vesicle with a size of 
100–150 nm is formed due to polymerization of 
the coat complex. The NP containing clathrin- 
coated vesicle then internally detaches from the 
donor membrane. Once within the cell, clathrin 
and adaptor proteins uncoat to allow fusing of the 
vesicle within the cell to release the endocytosed 
NPs [19].

In case of Caveole mediated pathway, NPs 
signalling induces actin reorganization and dyna-
min recruitment from the cytosol to stimulate 
membrane invagination and vesicle budding. The 
caveolae membrane then fuses into the acceptor 
compartment and releases its contents [17].

Macropinocytosis proceeds by forming pro-
trusions due to actin polymerization from the cell 
membrane, which then encapsulates the sub-
stance to be internalized and once again fuses 
back with the cell membrane causing internalisa-
tion [17].

Phagocytosis is the ingestion of material by 
phagocytes and amoeboid protozoans. It involves 
cell surface recognition followed by sequential 
instigation of receptors leading to internalization 
by encircling it into triggered cup-shaped cell 
membrane deformations forming a phagosome 
[18].

 (b) Transcellular endocytosis

In this pathway, the NPs to be transported bind 
to the cell membrane receptors and form a com-
plex. Membrane invagination is then followed by 
internalization. The endocytosed vesicle is then 
converted into a transcytotic vesicle to prevent 
typical endosome degradation. The transcytotic 
vesicle is then transported to the other end of the 
cell, where the vesicle membrane fuses with the 
cell membrane and the content of the vesicle is 
secreted externally [20].

 (c) Paracellular endocytosis

Paracellular delivery of hydrophilic drugs 
occurs through the intercellular space between 
adjacent cells via tight junctions (TJs).

3.2.1.2  Protein Binding to NPs
It has been established through a study by 
Fleishcher and Payne [21] that extracellular 
serum proteins present in blood get adsorbed 
onto the surface of NPs, forming a “protein 
corona”. When polystyrene NPs functionalized 
with either amine or carboxylate groups were 
prepared, serum proteins got adsorbed onto the 
surface of both the NPs. Bovine serum albumin 
(BSA)–NP complexes formed from anionic NPs 
bonded with albumin receptors on the cell sur-
face. BSA–NP complexes formed from cationic 
NPs were redirected to scavenger receptors. This 
observation that similar NPs with identical pro-
tein corona compositions were bound to different 
cellular receptors suggested that a difference in 
the structure of the adsorbed protein may be 
responsible for the differences in cellular binding 
of the protein–NP complexes. Similar results 
were obtained for anionic quantum dots and col-
loidal gold nanospheres. Protein corona remained 
bound to the NP throughout the endocytic uptake 
and transport, however, the NP itself altered the 
structure of the adsorbed protein [21].

3.2.1.3  Degradation
Particles generally end intracellularly in endo-
somes or lysosomes followed by degradation. 
Chemical characteristics such as surface charge 
determine the fate of NPs in cells.

In the case of macromolecular therapeutics, 
following intracellular uptake, the contents of the 
endocytic vesicle are delivered to lysosomes for 
degradation. Although a therapeutic agent encap-
sulated in NPs are less susceptible to degradation 
in the endo-lysosomal compartment, the rela-
tively faster degradation of NPs under acidic 
 conditions in the endo-lysosomal compartment 
may result in the release of the therapeutic agent, 
which could then degrade quite rapidly. Thus, 
NPs are expected to be efficiently internalized 
into the cells and then deliver their payload into 
the cytoplasmic compartment rather than be 
retained in the degradative environment of endo- 
lysosomal compartment.

A study by Panyam et al. [22], showed that 
(PLGA) poly (lactic-co-glycolic acid) NPs were 
internalized through clathrin depended endocyto-
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sis. Following their uptake, NPs were localized in 
the early, recycling endosomes and late endo-
somes and lysosomes. It was summarised that 
NPs are either recycled back to the surface from 
the early endosomes or are transported to the sec-
ondary endosomes and lysosomes from which the 
NPs escape into the cytosol. The early endocytic 
vesicles possess physiological pH wherein NPs 
have a net negative charge and hence are repelled 
by the negatively charged endosomal membrane. 
The secondary endosomes and lysosomes are pre-
dominantly acidic, with pH values ranging from 
4–5. In this pH, NPs have a net cationic potential 
and hence interact with the negatively charged 
membrane leading to their escape into cytoplas-
mic compartment. NPs do not open up the endo-
lysosomal vesicles but are released by localized 
destabilization of the endo- lysosomal membrane 
at the point of contact with NP, followed by extru-
sion of the NP through the membrane. PLGA NPs 
are cationic only in the endosomal compartment 
and do not destabilize the lysosomes. After their 
escape, NPs deliver their payload in the cytoplasm 
at a slow rate, leading to a sustained therapeutic 
effect. Because NPs are biodegradable and bio-
compatible and are capable of sustained intracel-
lular delivery of multiple classes of cargoes, they 
are a suitable system for intracytoplasmic delivery 
of drugs, proteins, or genes [22].

3.3  Mechanism of Toxicity 
at Cellular and Molecular 
Level

Nanotoxicity or NP related toxicity implies toxic 
effects of NPs which are uncommon and not seen 
with larger particles on the biological system. 
The significance of nanotoxicity is such that even 
when the NPs made up of inert materials like 
gold or silver, they are highly active owing to 
their nanosized dimension. Nanotoxicity pursues 
the level or extent to which these properties may 
cause any threat to environment and living 
beings. It also intends to quantitatively determine 
the severity and regularity of toxic effects of the 
exposure of the NPs on the organism.

The impetus for designing a nano drug deliv-
ery system is to reduce the toxicity of a drug and 
to increase its bioavailability as well as biocom-
patibility. On the other hand, their exceptional 
properties like surface area to volume ratio, par-
ticle size, solubility, surface coating and shape or 
structure may pose additional risks to the patients 
[23]. Toxic manifestations observed with in vitro 
models are hardly relatable to the effects seen 
in vivo. Though major entry routes as well as rec-
ognised targets have been identified, intense 
research is still required to demonstrate the path-
way and mechanism of toxicity of NPs in the 
body [24].

It is in general consent that NPs display toxic-
ity through varied mechanisms and can affect in 
allergy, fibrosis, organ failure, neurotoxicity, hep-
atological toxicities, nephrotoxicities, haemato-
logical toxicities, splenic toxicities, and 
pulmonary toxicities, among others.

3.3.1  Physiochemical Properties 
of Nanoparticle and Their 
Toxic Effects

 (a) Particle size and surface area: Particle size 
and surface area of NPs play an important 
role in their interaction with biological mol-
ecules or system. Interestingly, particle size 
is inversely proportional to the surface area 
relative to the volume, means decrease in 
size leads to an increase in surface area to 
volume ratio. Several biological mechanisms 
including phagocytosis, endocytosis and pas-
sive diffusion as well as endocytic process-
ing (antigen presentation on MHC class 
molecules) are dependent on size of the 
material. One of the prime mechanism for 
toxicity is generation of reactive oxygen spe-
cies, these free radicals have been known for 
hazardous impact on biological molecules 
like DNA, lipids, proteins etc.

Furthermore, surface area also results in 
some toxic manifestation, i.e. increase in sur-
face area leads to extensive interaction with 
biomolecules that root more oxidation and 
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DNA damage abilities as compared to larger 
particles of same mass [25].

 (b) Particle shape and aspect ratio: Particle 
shape dependent toxicity is related to NPs 
made of gold, silver, carbon nanotube, nickel, 
titanium etc. Endocytosis and phagocytosis 
processes are mostly influenced by this prop-
erty. It has been shown that spherical parti-
cles are more prone to endocytosis than any 
other particle shapes [25]. Studies also report 
that particle shape can affect the cellular 
level e.g. blocking of K+ channel by rod 
shaped SWNTs were two to three times more 
efficient than spherical C60 fullerenes [26]. 
Also in another study nanorod ZnO was 
found to me more cytotoxic than spherical 
ZnO [27]

Similarly, greater the aspect ratio more 
will be the toxicity of NPs. It has been 
observed that asbestos particles which are 
<2 μm in size caused asbestosis, <5 μm 
caused mesothelioma and 10 μm caused lung 
carcinoma [28]. TiO2 nanofibres having 
length of 15 mm were more toxic than fibres 
having length 5 mm, here former induced 
more inflammatory response by alveolar 
macrophages in mice than later one. 
Similarly, in case of Carbon Nanotubes 
(CNTs), long MWCNTs caused inflamma-
tory response in mice abdominal cavity 
whereas small MWCNTs did not cause any 
inflammation at all [29].

 (c) Surface charge: Surface charge of NPs also 
play an important role in toxicity. Rather, 
they have an even greater impact on the bio-
logical system. Surface charge on the parti-
cles dictate various interactions such as 
plasma protein binding, selective absorption, 
blood brain barrier integrity and membrane 
permeability. Mammalian cell membranes 
possess negative charge on their surface, 
thereby promoting association of cationic 
particles with the cells to a greater extent as 
compared to the negative or neutral particles. 
However, higher cationic charge leads to the 
severe toxicity via haemolysis and platelet 
aggregation [25]. Positively charged silica 
NPs have been shown to induce more reac-

tive oxygen species than neutral and nega-
tively charged silica NPs [30].

 (d) Crystalline structure: Besides the three 
parameters contributing substantially 
towards toxicity, crystalline structure may 
also be responsible for nanotoxicity. Studies 
have claimed that anatase form of TiO2 NPs 
induce higher lipid peroxidation and oxida-
tive DNA damage in presence of light com-
pared to their rutile form [31].

 (e) Aggregation: Particle aggregation also 
imparts toxicity. Aggregation is mostly 
dependent on the surface charge, size and 
composition. Aggregation of NPs are mostly 
seen in the case of CNTs, where it has been 
observed that aggregated CNTs have more 
cytotoxic effects than dispersed ones [32].

 (f) Surface coating: Surface coating eventually 
alters the physiochemical properties of NPs 
such as surface charge, magnetic, electric, 
optical and chemical properties. These 
changes may lead to varied interactions with 
biomolecules that result into significant toxic-
ity of NPs. It was well acknowledged that the 
existence of ozone, oxygen radicals along 
with heavy metals on nanoparticle surface 
leads to the formation of ROS that induces 
inflammation in cells.

However, in most cases surface coating could 
also be employed to abate the toxicity of 
NP. For example, coating is very essential in 
the case of quantum dots to render them 
 nontoxic since their metallic core is hydropho-
bic and composed of heavy toxic metals like 
cadmium.

While these factors mainly contribute to the toxic-
ity of NPs, concentration is the principle factor 
dictating the toxicity of macroparticles [25].

3.3.2  Mechanism of Toxicity of NPs

Toxic scenario of NPs in organisms and environ-
ment are well established. Unique physiochemi-
cal properties of NPs pave way for their 
application in several fields. On the other hand, 
they also increase the risk of their exposure to 
humans and environment.
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The mechanisms due to which these proper-
ties result in toxicity are discussed in the follow-
ing section.

 (a) Reactive Oxygen Species (ROS) or 
Oxidative stress production: ROS are oxy-
gen containing chemically reactive species 
that have important roles in cell signalling 
and homeostasis. They are generally formed 
as a natural by-product of oxygen metabo-
lism. ROS are generated intrinsically as well 
as extrinsically within the cell, the pool of 
ROS constitutes of oxidative species includ-
ing superoxide anion (O2

−), hydroxyl radical 
(OH−), hydrogen peroxide (H2O2), singlet 
oxygen (1O2), and hypochlorous acid (HOCl), 
hypochlorite ion (−OCl−) [33].

NADPH oxidase (NOX) complexes in 
cell membranes, mitochondria, peroxisomes, 
and endoplasmic reticulum are responsible 
for endogenous production of ROS. Whereas, 
exogenous ROS can be formed from tobacco, 
pollutants, smoke, engineered NPs, drugs, 
xenobiotics, or radiation.

Enzymes like catalase, glutathione perox-
idase, super oxide dismutase, peroxiredoxins 
as well as light are responsible for ROS gen-
eration. Apart from the deleterious effects of 
ROS, they also have some positive effects 
such as programmed cell death i.e. apoptosis 
and induction of host defence mechanism.

The harmful effects on biomolecules are 
often seen in the form of:

 (i) DNA or RNA: Single and double 
stranded breaks in DNA or RNA

 (ii) Proteins: Oxidation of amino acids
 (iii) Lipids: Oxidation of polyunsaturated 

fatty acids i.e. lipid peroxidation
 (iv) Enzymes: Inactivation by oxidation of 

co-factors
NPs may generate ROS via three mechanisms; 

particle-cell interaction, active redox cycling 
on surface of NPs (especially in case of transi-
tion metals) and oxidative groups functional-
ized on NPs [23]. Overproduction of ROS 
leads to the activation of interleukins, cyto-
kines, kinase and tumour necrosis factors 

which eventually cause the proinflammatory 
response.

Eom and Choi [34] reported an elevated ROS 
production when Jurkat T cells that were 
exposed to AgNPs in contrast to the unex-
posed ones [34]. Moreover, numerous 
researchers have established single stranded 
DNA damage caused due to TiO2, Carbon 
black and diesel exhaust particles [31, 35, 36].

 (b) Apoptosis: It is programmed cell death that 
occurs in multicellular organisms. This pro-
cess involves various events such as chromo-
some condensation, nuclear fragmentation, 
cell shrinkage, DNA and mRNA decay etc. 
Apoptosis can be initiated by an intrinsic 
pathway (cell kills itself because it senses 
cell stress) as well as an extrinsic pathway 
(cell kills itself because of signals from other 
cells). In case of NPs, they are interacting 
with macrophages which causes the activa-
tion extrinsic pathway of apoptosis. Extrinsic 
pathway is activated via two signals:
 (i) Tumour Necrosis Factor (TNF) signal: 

TNF-α is a cytokine produced exten-
sively by activated macrophages. Human 
cells have two receptors for it i.e. TNFR1 
and TNFR2. Binding of TNF-α to these 
receptors leads to the activation of 
caspases.

 (ii) First Apoptosis Signal (FAS): FAS, a 
transmembrane protein belonging to the TNF 
family, binds to the FAS ligand. Interaction 
between them results in the formation of the 
death-inducing signaling complex (DISC), 
which contains, caspase-8 and caspase-10. In 
some cases, caspase-8 is directly activated by 
interacting with foreign materials and subse-
quently activate further caspases.

Eom and Choi [34] also reported that 39% of 
Jurkat T cells underwent apoptosis when 
exposed to the AgNPs [34]. Zno NPs also trig-
gered cell death via Caspase mediated apopto-
sis as reported by Wilhelmi et al. [37]. 
Similarly, high concentration of FeO NPs led 
to the 35–40% apoptosis [38].

 (c) Genotoxicity: Nanogenotoxicity is a new 
term that has emerged in the field of nano-
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technology. This term highlighted NP 
induced genotoxicity and carcinogenesis. 
Literature showed that, long term inflamma-
tion and oxidative stress present in a cell ulti-
mately leads to DNA damage. Continuous 
production of ROS causes mutagenesis (due 
to the oxidation, hydrolysis and deamination 
of nucleic acid bases, substitution etc.) and 
carcinogenesis (due to the gene deletion, 
insertion etc.)

The results reported by Eom and Choi 
also indicate that DNA damage would have 
resulted into release of the DNA damage 
marker protein, p-H2AX which increased 
drastically after the exposure of AgNPs [34].

 (d) Cell surface interaction with proteins: It is 
well known that NPs, especially heavy metal 
NPs tend to interact with proteins and amino 
acids. These interactions cause the formation 
of protein corona, protein unfolding, and 
altered protein function, which finally culmi-
nate into protein damage or non-functional. 
Similarly, interaction of NPs with protein 
molecules such as serum albumin, human 
blood protein haemoglobin (Hb), and cyto-
skeletal proteins result in protein conforma-
tional changes or protein damage.

Silica NPs significantly influence the 
unfolding of RNase, where the enzyme is 
less stable on NPs surface than in free solu-
tion [39].

 (e) Mitochondrial interaction: Mitochondria is 
the powerhouse of cell, which provides the 
energy for vital cell functions. Several toxi-
cological studies shown that NPs have identi-
fied mitochondria as a potentially relevant 
target organelle.

Mitochondrial interaction of NPs lead to 
following consequences:

 (i) Disturbance in proton gradient pumps, 
voltage-gated channels

 (ii) Change in mitochondrial outer mem-
brane permeability, which releases cyto-
chrome C (key event in intrinsic pathway 
of apoptosis)

 (iii) Mitochondrial DNA damage, also releases 
cytochrome C (results into the necrosis)

Similarly, mitochondrial DNA encodes many 
structural proteins involved in various path-
ways. DNA mutagenesis causes the produc-
tion of defective proteins, thus hampering the 
pathways like ATP synthesis, Electron 
Transfer Chain, oxidative phosphorylation 
etc. [33].

Cationic polystyrene NPs induced mitochondrial 
damage which eventually resulted into cell 
death [40]. Ning et al. [41] asserted that ultra-
fine particles are much potent for induction of 
mitochondrial damage [41].

 (f) Interaction with cellular signalling path-
way: NPs are inclined to induce the signal-
ling cascade pathways via particle induced 
release of cytokines, particle to cell interac-
tions and binding to the several cellular 
receptors as a ligand [33]. Signalling path-
ways which are activated through NPs; for 
e.g. MAPK, ERK, EGFR etc. are described 
in detail in the following section:
 (i) Nuclear factor kappa-light-chain- 

enhancer of activated B cells (NF- 
κB): NF-κB is a group of proteins that 
controls transcription of DNA, cytokine 
production, cell proliferation, apopto-
sis, inflammation and cell survival. 
These proteins are also responsible for 
the activation of defence mechanisms as 
well as cellular responses to stimuli 
such as stress, cytokine, heavy metals, 
ultraviolet radiation. ROS activate NF-B 
via the release of IBs resulting in the 
nuclear translocation of NF-B [42].

ZnO and CdS NPs were found to 
induce toxicity via ROS-dependent 
NF-B activation [43].

 (ii) Activator protein-1 (AP-1): Activator 
protein-1 is a transcription factor that 
regulates gene expression in response to 
a stimuli; including stress, oxidants, 
bacterial and viral infection, growth fac-
tors, and cytokines. AP-1 regulates cell 
proliferation, cell differentiation, and 
apoptosis. This gene is activated via 
phosphorylation of protooncogene 
c-jun. Cr, Ni, and Fe NPs have been 
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shown to activate AP-1 via ROS genera-
tion [44].

 (iii) Mitogen-activated protein kinase 
(MAPK): MAPK is a type of serine/
threonine-specific protein kinase. It is 
involved in various cellular responses to 
a stimuli; such as proinflammatory cyto-
kines, osmotic stress, heat shock and 
mitogens. It regulates cell proliferation, 
cell differentiation, apoptosis, gene 
expression, cell survival and mitosis. 
MAPK consist of growth factor regu-
lated extracellular signal-related kinases 
(ERK) and the stress-activated MAPK, 
p38MAPK and c-jun NH2- terminal 
kinases (JNK). MAPK activation is 
based on the oxidative modification of 
MAPK signalling proteins (e.g., RTK 
and MAP3 K). The concentration and 
kinetics of ROS production and cellular 
antioxidant pool are mostly important 
for activation of MAPK signalling path-
way. Silver NPs tend to activate JNK 
pathway and apoptosis whereas CeO2 
NPs trigger p38 MAPK signalling in 
broncho alveolar cells [45].

 (iv) Protein tyrosine phosphatases (PTP): 
PTP is a tyrosine kinase that regulates 
the phosphorylation of various signal-
ling molecules involved in signal trans-
duction cascades. Signal transduction 
cascade pathways are involved in onco-
genic transformation, mitosis, cell 
growth and cell differentiation. PTP is 
highly susceptible to oxidative stress in 
the form of free radicals and H2O2 [42]. 
Zn2+ and V4+ NPs are critical in redox 
regulation of PTP via the inhibition of 
MAPK and EGFR [46].

 (v) Epidermal growth factor receptor 
(EGFR): It acts as an extracellular pro-
tein ligand for various members of epi-
dermal growth factor family (EGF 
family). EGFR dimerization induces 
intracellular protein-tyrosine kinase 
activity which results into auto phos-
phorylation. This auto phosphorylation 
initiates further downstream signalling 

pathway such as MAPK, Akt and JNK 
leading to DNA synthesis and cell pro-
liferation [46].

 (vi) Src family kinase: Src family belongs 
to a non-receptor tyrosine kinases fam-
ily, which is involved in regulation of 
cell growth, cell differentiation and 
oncogenic transformation. Oxidative 
stress is responsible for activation of 
this family, which later on triggers the 
signal transduction pathway. Src family 
kinases interact with many membranes, 
cytosolic and nuclear proteins by phos-
phorylation of tyrosine [42]. Low dose 
of Chromium NPs induced cell death 
via ROS dependent Src Kinase [47].

3.4  Toxicological Aspects 
of Nanoparticles 
via Different Transmucosal 
Routes

3.4.1  Ocular Mucosa-

In perceiving the advantages of new advances in 
nanobioadhesives for enhancing topical ocular 
delivery, the other side of the coin must also be 
considered. The toxicity literature in this area of 
research is not as robust as other fields, because 
most publications focus on the discovery and 
development of new therapeutic agents. It comes as 
no surprise that the same properties that make 
nanosystems attractive for drug delivery 
 applications, may confer reactivity in biological 
systems and lead to toxicity. For topically ocular 
administered nanosystems, aggregation and tissue 
accumulation must be considered. Nanosystem 
aggregation may block cell metabolism and could 
impair tissue function. For example, blockage of 
the lachrymal drainage punctum and decreased tear 
film recycling can occur due to aggregation of topi-
cally applied nanosystems on the ocular surface. 
Furthermore, indiscriminate ocular nanosystem 
accumulation results in distortion of the ocular tis-
sue architecture leading to altered function. A very 
important consideration of toxic effects with nano-
systems is, that it may be attributable to actual 
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approaches that are directed to enhance ocular drug 
bioavailability; the presence of high concentration 
of the loaded drug in a non-target tissue.

Chitosan has some unique and important char-
acteristics like being mucoadhesive and cationic. 
The positively charged chitosan NPs bind to the 
negatively charged surface of the cornea. Prow 
et al. [48] evaluated Chitosan, PCEP 
(poly{[(cholesteryl oxocarbonylamido ethyl) 
methyl bis(ethylene) ammonium iodide] ethyl 
phosphate}), and magnetic NPs (MNPs) for the 
safe gene delivery in the eye. Rabbits were admin-
istered with NPs either intravitreally (IV) or sub-
retinally (SR) and sacrificed 7 days later. Eyes 
were grossly evaluated for retinal pigment epithe-
lium abnormalities, retinal degeneration, and 
inflammation. IV chitosan showed inflammation 
in 12/13 eyes, whereas IV PCEP and IV MNPs 
were not inflammatory and did not induce retinal 
pathology. Acute inflammation and polymorpho-
nuclear cell infiltrates resulted with injection of 
these nanoparticle formulations which were 
grossly visible in the eye cup after 7 days. 
Histological examination confirmed massive num-
bers of immune cells at the site of injection. It is 
possible that the hyalocytes, the sentinel immune 
cells of the vitreous, are particularly sensitive to 
polysaccharides leading to the inflammation [48].

Guo et al. [49] synthesized and evaluated a 
series of positively charged phospholipids and 
cholesterols as membrane components for lipo-
somes. Selected liposome preparations formu-
lated with these synthetic lipid materials were 
found to be non-cytotoxic in vitro by using a cell 
growth inhibition assay, whereas liposomes con-
taining positively charged components (stearyl-
amine and cetyltrimethylammonium bromide) 
showed considerable cytotoxicity. Their investi-
gations thus, indicate a specific adhesion of the 
cationic liposomes to the surface of mucosal tis-
sues owing to the presence of negative charge 
[49].

3.4.2  Nasal Mucosa-

Nasal mucoadhesive drug delivery system offers 
the advantage of higher residence time as com-

pared to the normal dosage forms. Mucoadhesive 
polymers are being used to increase the residence 
time of formulation within the nasal cavity; the 
polymers possibly interact with the epithelial 
tight junctions to facilitate drug absorption by 
some histopathological alterations of the nasal 
mucosa and effect on ciliary beating. Hence it 
becomes necessary to evaluate the toxicological 
effects of such nano systems on the structural 
alterations of the nasal environment.

Hackenberg et al. [50] evaluated the toxic effect 
of repeated exposure of ZnO-NPs in three- 
dimensional (3D) mini organ cultures (MOCs) of 
human nasal mucosa determined by trypan blue 
exclusion and caspase-3 activity, respectively. 
MOCs were exposed once, twice, or three times to 
0.1 or 5 μg/ml of ZnO-NPs for 1 h. per exposure and 
then evaluated for cytotoxicity and genotoxicity. 
DNA fragmentation augmented after 24 h of regen-
eration at both concentrations of ZnO-NPs. In con-
trast, DNA damage induced by the positive control, 
methyl methanesulfonate, was significantly reduced 
after 24-h regeneration. Thus, results suggest that 
repetitive exposure to low concentrations of ZnO-
NPs results in persistent DNA damage. Various 
mechanisms responsible for ZnO-NPs related geno-
toxicity were proposed by the authors based on the 
study, such as direct interaction of particles with the 
DNA in the nucleus, ROS generation, or influence 
of dissolved zinc ions to DNA damage [50].

Genter et al. [51] assessed the distribution and 
toxic potential of 25-nm Silver NPs (AgNPs) 
(100 or 500 mg/kg) following intranasal (IN) 
exposure in adult male C57BL/6J mice. 
Histopathology of selected organs was per-
formed, and tissue reduced glutathione (GSH) 
levels were measured after 1 or 7 days as an indi-
cator of oxidative stress. Aggregated AgNPs 
were found in the spleen, lung, kidney, and nasal 
airway by routine light microscopy. 
Autometallography revealed AgNPs distributed 
in olfactory bulb and the lateral brain ventricles. 
Elevated tissue GSH levels was observed in nasal 
epithelia (both doses at 1 day, 500 mg/kg at 
7 days) and blood (500 mg/kg at 7 days). 
Therefore, intranasal administration of AgNPs 
permits systemic distribution, produces oxidative 
stress in the nose and in blood, and develops 
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macrophage-mediated erythrocyte destruction in 
the spleen [51].

3.4.3  Oral Buccal Mucosa

The buccal area appears to be an attractive site for 
administration of drugs due to the smooth and 
relatively immobile surface, good accessibility, the 
evasion of possible degradation in the gastrointes-
tinal tract, and no first-pass metabolism in the 
liver. However, continuous salivation and swal-
lowing may lead to a very short residence time in 
the oral cavity [4]. To overcome this problem, 
novel bioadhesive dosage forms have been devel-
oped; such as bioadhesive tablets, patches, bioad-
hesive gels and ointments, and medicated chewing 
gums. Smistad et al. [52] evaluated the toxicity of 
liposomal formulations on the human buccal cell 
line TR146. The main objective of this paper was 
to identify important liposomal formulation fac-
tors influencing the toxicity on cells in the buccal 
region, and identifying significant interactions 
between the formulation variables. Positively 
charged liposomes were shown to be toxic com-
pared to the negatively charged liposomes. Diacyl-
TAP (l,2-diacyl-3- trimethylammonium propane) 
was less toxic than SA, and DPPC was less toxic 
than DMPC. The amount of negatively charged 
component, the liposome size, and the total lipid 
concentration did not affect the toxicity within the 
experimental room. The most toxic combination 
in this study was egg-PC/positively charged lipid 
(20 mol%) [52].

Klemetsrud et al. [53] also investigated the 
in vitro toxicity, mucoadhesive potential and 
impact on cell permeability of polymer coated 
liposomes intended for oral use in TR146 cell 
line. The following polymers were tested: chito-
san, low-methoxylated pectin (LM-pectin), high- 
methoxylated pectin (HM-pectin), amidated 
pectin (AM-pectin), Eudragit, poly(N- 
isopropylacrylamide- co-methacrylic acid) 
(p(NIPAAM-co-MAA)), hydrophobically modi-
fied hydroxyethyl cellulose (HM-HEC), and 
hydrophobically modified ethyl hydroxyethyl 
cellulose (HM-EHEC). All the systems, except 
with chitosan, exhibited no significant effect on 

cell viability and permeability at the considered 
concentrations. At the lowest chitosan concentra-
tion (0.05%) there was no sign of cell toxicity. 
However, there was a significant reduction of cell 
viability (65%) when the polymer concentration 
was increased to 0.1%. At even higher concentra-
tions (≥0.25%), the cell viability was around 9%; 
representing an almost complete cell death. No 
significant reductions in the cell viability were 
observed for the other polymers [53].

Teubl et al. [54] investigated interactions of three 
different titanium dioxide (TiO2) particles (i.e. NM 
100, NM 101 and NM 105) with oral tissues. 
Physicochemical properties were addressed in rele-
vant media, and particle penetration was investi-
gated with an ex vivo model using porcine mucosa. 
Although TiO2 particles formed large aggregates 
once dispersed in media, 10–50% remained in the 
nanoscale range, rapidly interacting with the mucus 
layer and infecting the epithelium. NM 100 and 
NM 105 were found in both the upper part and the 
lower part of the buccal mucosa, while NM 101 
(smallest particle sizes) only penetrated the upper 
parts. Transport studies revealed that TiO2 NPs were 
found in vesicles, as well as freely distributed in the 
cytoplasm. However, NM 105 triggered the produc-
tion of reactive oxygen species [54].

3.4.4  Pulmonary Mucosa-

Pulmonary route serves as a non-invasive 
approach for systemic delivery of therapeutic 
actives like drug, proteins and peptides. Larger 
surface area of lungs, rich blood supply and a thin 
mucous layer make the pulmonary route popular 
for efficient systemic delivery. This route is an 
effective alternative for the delivery of those ther-
apeutic actives that show less bioavailability via 
oral route, especially in the case of proteins and 
peptides. Specialized devices such as dry powder 
inhaler, metered dose inhaler and nebulizer have 
been fabricated to facilitate pulmonary delivery 
by ensuring deep lung deposition. The only sig-
nificant formulation based parameter to be con-
sidered when designing a dosage form for 
pulmonary delivery is the particle size, the ideal 
size being 1–5 μ. Besides the use of polymeric or 
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lipidic NPs for relief for pulmonary diseases, 
human beings are also inadvertently exposed to 
inorganic NPs. Metal NPs such as iron, silica, 
nickel, carbon etc. are inhaled into the body via 
upper respiratory tract in the work place environ-
ment, which is a common event [55]. In these 
conditions, lung primarily acts as a site of accu-
mulation and long term exposure of NPs. Once 
they enter into the interstitial spaces, they are rap-
idly taken up by alveolar cells and induce toxic 
effects. Occupational exposure of these NPs 
causes hazardous and harmful effects on human 
being leading to cancer, asthma, fibrosis, and 
pneumonitis etc. Naturally occurring NPs are 
well tolerated or adapted by human and the envi-
ronment. However, the unintentional and inten-
tional inhalation and accumulation of NPs pose a 
serious threat to human as well as environment 
[56].

Coating of metallic NPs with polysaccharides 
can overcome the drawbacks by increasing sta-
bility and biocompatibility, improving size distri-
butions and introducing chemical groups that 
allow for further functionalization of the NPs. 
Worthington et al. [57] have demonstrated that 
chitosan coating reduced the toxicity of copper 
NPs significantly after 24 and 52 h and the gen-
eration of ROS. Conversely, inflammatory 
response of mice exposed to chitosan coated 
NPs, measured using the number of WBC and 
cytokines/chemokines in the bronchoalveolar 
fluid was shown to increase, as was the concen-
tration of copper ions. These results suggest that 
coating of metal NPs with mucoadhesive poly-
saccharides (e.g. chitosan) could increase their 
potential for use in controlled release of copper 
ions to cells, but will result in a higher inflamma-
tory response if administered via the lung [57]. 
Tables 3.1 and 3.2 summarises the other in vivo 
and in vitro research studies pertaining to the 
possible toxic effects of NPs via pulmonary 
route.

3.4.5  Rectal/Vaginal Mucosa-

Nanotechnology based drug delivery systems 
may be an interesting option to advance in the 

field of microbicides and have been advocated 
for the delivery of promising microbicide drug 
candidates such as dapivirine. Among other 
advantages, nanosystems may be able to enhance 
drug/virus interaction, penetrate the mucosa, tar-
get HIV-susceptible cells, and provide an effec-
tive and durable drug barrier along the epithelial 
lining when administered by the route. In the 
case of vaginal and rectal administration, only a 
few studies explored this possibility thus result-
ing in a substantial lack of data supporting the 
potential value of nanotechnology-based drug 
delivery systems. However early methods for 
assessing toxic effects of NPs are insufficient to 
detect these toxicities. There is also a paucity of 
data regarding excipients, components often 
assumed to be non-toxic on the basis of past 
experience with commercial vaginal products.

The first report of microbicide toxicity was 
by Phillips and Zacharopoulos [76] who found 
that rectal application of N-9 caused rapid 
exfoliation of sheets of epithelial cells and 
failed to protect mice against rectal transmis-
sion of HSV-2 [76]. das Neves J et al. [77] 
reported the preparation and characterization 
of drug-loaded poly ε-caprolactone (PCL), 
poly(ethylene oxide) (PEO), cetyl trimethyl-
ammonium bromide (CTAB) NPs of dapiv-
irine, as well as their influence on the 
permeation and retention in  cervicovaginal and 
colorectal cell monolayer models, and pig vag-
inal and rectal mucosa at the cell and tissue 
level. Dapivirine-loaded NPs of around 175–
200 nm and different surface properties were 
successfully prepared and were readily taken 
up by different anogenital epithelial cells. NPs 
were shown able to modulate differently the 
permeability and monolayer/tissue retention 
kinetics of dapivirine. PEO-PCL NPs reduced 
the permeability of dapivirine, while CTAB-
PCL NPs increased the diffusion of the drug 
across studied models. Further, toxicity results 
in pig vaginal and rectal mucosa showed unac-
ceptable toxicity with CTAB-PCL NPs as com-
pared to free dapivirine where it did not show 
any toxicity issues [77]. The other toxicologi-
cal cases of the NP drug delivery via vaginal 
route are discussed in Table 3.3.
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3.5  Summary and Future 
Prospects

Nanomaterials are endowed with unique proper-
ties, which are responsible for their toxicological 
manifestations. This had led to concerns over the 
use of such materials, inspite of their widespread 
applications. Moreover, rapid developments are 
viewed in the field of nanotechnology every day, 
which will only further complicate the toxicologi-
cal profile of nanomaterials. This necessitates 

development of a strategy to evaluate the toxic 
effects of the upcoming nanomaterials and their 
products before they are being brought into main-
stream use. The toxicity of nanomaterials depends 
on the basic chemistry of interaction of the mate-
rial with the molecular pathways in an organism. 
A thorough investigation on the molecular interac-
tion and alteration in the biochemical machinery 
of an organism upon contact with a nanomaterial 
is a prerequisite for designing safe and sustainable 
nanomaterials. There is a multitude of research lit-

Table 3.1 In vivo NPs toxicity via pulmonary route

No Types of NPs Toxicity Analysis References

1 Diesel exhaust NPs Enhanced gene transcription of interleukin-8 
(IL-8) in the bronchial tissue and growth- 
regulated oncogene-alpha (GRO-alpha) protein 
expression in the bronchial epithelium

RT-PCR and ELISA [58]

2 Fe2O3 Significant enhancement of free radicals and 
reduction of the GSH in lung tissue and caused 
pulmonary emphysema, interstitial hyperaemia 
and inflammation in lungs

Histopathology [59]

3 Multi-wall carbon 
nanotubes 
(MWCNT)

Induced inflammatory and fibrotic reactions by 
increase production of TNF-α

Histopathology, ELISA and 
biochemical test

[60]

4 Silver Dose dependent increase in chronic alveolar 
inflammation, including thickened alveolar 
walls and small granulomatous lesions

Histopathology [61]

5 Silver Disruption in the blood/alveolar epithelial 
permeability barrier, oxidative stress and 
activation of eosinophils, with release of 
cytokines IL-13 and IgE

Histopathology and PCR [62]

6 TiO2 dose >5.0 mg/
kg

Developed lung lesions, leakage of cytoplasmic 
contents, compensatory proliferation and 
fibrosis of lung tissues

Histopathology [63]

7 Nickel oxide (NiO) Pulmonary inflammation accompanied by 
inflammatory cell infiltration, alveolar 
proteinosis, and cytokine secretion. Increase 
ROS production induced IL-1β production

Histopathology. western 
blotting and 
immunohistochemistry

[64]

8 Cerium 
Oxide(CeO2)

Induced a persistent influx of neutrophils and 
expression of cytokines such as CINC-1, 
CINC-2, and HO-1

Histopathology and cytokine 
assay

[65]

9 Copper oxide Generation of acute neutrophilic inflammation 
and cytokine (MCP-1 and IL-6) responses in 
the lungs

ELISA kit [66]

10 Barium sulphate Dose-dependent lung injury and inflammation Lactate dehydrogenase and 
myeloperoxidase assay

[67]

11 Silica coated 
Titanium dioxide

Neutrophilic pulmonary inflammation, elicited 
increased expression of proinflammatory 
cytokine TNF-α and neutrophil 
chemoattractant CXCL1

RT-PCR and ELISA kit [68]
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erature now available on the toxicity of nanomate-
rials to various model organisms from human to 
ecological models. But majority of the reports 
focus on acute high dose exposures. Research on 
the toxicity of other chemicals has shown that dose 
of a chemical can have a tremendous impact on the 
pathways that are affected within the organism. 
Overall, it appears from the literature that many of 
the current categories of available nanomaterials 
are not acutely toxic but are most likely to have 
toxic implications following long-term low dose 
exposures. There is a significant gap regarding 
these types of potential impacts.

The most common pathways investigated in 
nanotoxicity experiments are related to oxidative 
stress, yet oxidative stress can be a temporary and 
natural response to an insult without a negative 
outcome. Currently, a few individual biomarkers 
are being explored in this capacity and they are 
often limited to pathways involved in oxidative 
stress, which is known to be a complicated bio-
marker. There are a multitude of other potential 
non-oxidative stress mechanisms that may be trig-
gered in response to sub-lethal exposures of 
nanoparticles. Testing these materials at low con-
centrations will allow the development of bio-

Table 3.2 In vitro NP toxicity via pulmonary routes

No Types of NPs Toxicity Cell line Analysis References

1 Diesel exhaust 
NPs

Induces the release of 
proinflammatory cytokines after 
triggering transduction 
pathways, NF-κB activation and 
MAPK phosphorylation

Human bronchial 
epithelial cells 
(16HBE)

Western blotting [69]

2 Nanoparticulate 
carbon black

Stimulates proliferation which 
result into autocrine release of 
EGF and the subsequent EGF-R 
transactivation and ERK 
cascade activation

Human bronchial 
epithelial cell line

Immunocytochemistry and 
western blotting

[70]

3 Silica Dose-dependent increase in 
Cytotoxicity and oxidative 
stress

A549 human 
lung cancer cells

MTT assay [71]

4 Nickel ferrite Dose dependent cytotoxicity, 
Induced apoptosis in A549 cells 
through ROS generation and 
oxidative stress via p53, 
survivin, bax/bcl-2 and caspase 
pathways

A549 human 
lung cancer cells

MTT asaay, qPCR [72]

5 Copper oxide Dose dependent cytotoxicity, 
induce oxidative stress in 
response to ROS production

Hep-2 Human 
laryngeal 
epithelial cells

Alamar blue assay [73]

6 Copper oxide Dose dependent increase in 
cytotoxicity

BEAS-2B- human 
bronchial 
epithelial and 
RAW 264.7- 
murine myeloid 
cells

MTT assay [65]

7 Copper oxide Induction of cytotoxic, 
genotoxic (upregulation of cell 
cycle checkpoint protein p53 
and DNA damage repair 
proteins Rad51 and MSH2 
expression) and oxidative stress 
response

A549 human 
lung cancer cells

MTT assay, neutral red 
assay, western blotting and 
Catalse, Superoxide 
dismutase assay

[74]

8 Aluminium oxide 
(Al2O3)

Dose dependent cytotoxicity A549 and Hep-2 
cell line

MTT assay [75]
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markers for evaluating nanomaterial toxicity. 
Also, the ‘unique’ properties demand newer con-
cepts and methodologies to understand and fore-
see the size (and shape)-specific interaction of 
nanoparticles within the human body. Recent 
research has led scientists to identify some dis-
crete physicochemical characteristics of nanopar-
ticles that required on priority basis to assess their 
toxicological potential. These include particle 
size and surface area in relevant media the route 
of administration, physical form, degree of aggre-
gation, surface characteristics, sample purity, etc. 
Such assessment in the case of nanoparticles 
poses an additional challenge, since the character-
istics of nanoparticles largely depend on their 
form and chemical composition; both exhibiting a 
dynamic nature before, during and after adminis-
tration into in vitro or in vivo systems.

Also, there is a pressing need for the guidance 
and documentation of nanotoxicity which all 
researchers come across. The documentation will 
serve as a reference for further studies involving 
nanoparticles and nanocarriers. To our under-
standing, at present data obtained from diverse 
nanotoxicity testings are neither comparable nor 
reliable, robust or reproducible. It is a daunting 
task to extract reliable data from the huge amount 
of studies in total and to come to comprehensive 
and valid conclusions that allow us to safely 
implement nanotechnology in medical and other 
sophisticated applications. In addition, the strict 
utilization and realization of validated and stan-

dardized intelligent testing policies should 
become second nature to all ‘nano-scientists/
toxicologists’.

Second, nanomaterials clearly demonstrate 
the need for alternatives assessment methods to 
consider the intrinsic exposure potential as part 
of the comparative assessment process because 
there are distinct physicochemical properties as 
well as use characteristics that will distinguish 
from the bulk material. In this respect the role of 
the peer-reviewing process of manuscripts should 
be to rigorously demand and enforce these high 
standards. All studies that address effects of 
nanomaterials should be reviewed by experts in 
the field of nanotoxicology. Moreover, these 
experts ought to closely stick to the given 
recommendations.
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The Toxicity of Nanoparticles 
to Human Endothelial Cells

Yi Cao

Abstract

The use of nanoparticles (NPs) in commercially available products and as 
biomedicinal materials could lead to increasing contact of human blood 
vessels with NPs, and it is necessary to assess the potential adverse effects 
of NPs to cells lining blood vessels. Of them, endothelial cells (ECs) are of 
particular relevance as they play a crucial role in the regulation of function 
of blood vessels. In this book chapter, I discussed studies that used human 
ECs to study the toxicity and mechanisms of NPs. It has been shown that 
exposure of human ECs to NPs could lead to cytotoxicity, genotoxicity, 
endothelial activation and impaired NO signaling. Oxidative stress and 
inflammation induced by NPs have been suggested as the mechanisms 
associated with the toxicity of NPs to ECs, and a three-tier model has been 
proposed to explain the association between NP induced oxidative stress 
and toxicity. In recent years, dysfunction of autophagy (excessive autoph-
agy induction) has also been suggested as one of the mechanisms associ-
ated with the toxicity of NPs to human ECs. In the future, it is necessary to 
use human ECs to assess the toxicity of NPs to better understand the poten-
tial adverse effects of NPs entering circulation.

Keywords

Nanoparticle (NP) · Endothelial cell (EC) · Oxidative stress · Endothelial 
activation · Genotoxicity

4.1  Introduction

Nanoparticles (NPs) are defined as ‘natural, inci-
dental or manufactured material containing par-
ticles, in an unbound state or as an aggregate or 
as an agglomerate and where, for 50% or more 
of the particles in the number size distribution, 
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one or more external dimensions is in the size 
range 1 nm–100 nm’ by the European 
Commission in 2011. In specific cases, the 
threshold between 1% and 50% for the number 
size distribution may also be used instead of 
50% [1]. Nano-sized particles could be gener-
ated through combustion, and combustion-
derived NPs have been convincingly shown to 
induce adverse health effects to blood vessels [2, 
3]. In recent years, the rapid development of 
nanotechnologies also leads to increasing use of 
engineered NPs in many commercial products, 
marking engineered NPs as one of the major 
sources for particle exposure in modern society. 
According to a recent survey, a total of 1814 
commercial products sold in global markets con-
tain at least one type of NPs, which can lead to 
human exposure to NPs in daily life via three 
major routes, namely dermal (count for 58% of 
products evaluated), inhalational (25%) and oral 
(16%) exposure [4]. By the analog with combus-
tion-derived NPs, it has been suggested that 
engineered NPs added in commercial products 
may also induce adverse health effects [2, 3].

Besides intended use in commercial products, 
NPs may also have potential use in medicine. For 
example, carbon nanotubes (CNTs), including 
single-walled carbon nanotubes (SWCNTs) and 
multi-walled carbon nanotubes (MWCNTs), 
could be used as nanocarriers for drug delivery 
[5]. Ag NPs are potential anticancer therapeutic 
agents that could be used in the treatment of a 
number of cancer, such as leukemia, breast can-
cer and lung cancer [6]. Metal-based NPs includ-
ing Ag and ZnO NPs are also effective alternative 
antimicrobial agents for the treatment of infec-
tious diseases [7]. Iron oxide NPs (IONPs) could 
be applied as contrast agents in magnetic reso-
nance imaging (MRI) as well as for the treatment 
of iron deficiency [8]. However, despite the 
enthusiasm for the development of NPs for 
medicinal purposes, progress into clinics is rela-
tively slow. One of the concerns is the adverse 
health effects of NPs, especially to the vascula-

ture, because intravenous injection of NPs in 
nanomedicine could lead to increasing contact of 
vasculature to NPs [9]. Thus, it is necessary to 
evaluate the potential effects of NPs to cells lin-
ing blood vessels.

Human blood vessels are covered by a thin 
layer of endothelial cells (ECs), which act as the 
first contact and barrier for NPs entering circula-
tion. Moreover, ECs play a crucial role in the 
regulation of blood vessel tone, thrombogenicity, 
homeostasis and monocytes recruitment [10]. In 
normal vascular physiology, the ECs generate 
NO by endothelial NOS (eNOS), which plays a 
key role to maintain the quiescent state of the 
endothelium by inhibition of inflammation, cel-
lular proliferation and thrombosis, and the mono-
cytes adhere poorly onto the endothelium under 
normal conditions [11]. With the development of 
cardiovascular diseases, persistent inflammation 
in blood vessels activates ECs, which in turn 
express excessive adhesion molecules such as 
selectins, ICAM-1 and VCAM-1 to recruit mono-
cytes. Monocytes adhere to the activated ECs, 
migrate through the endothelium to the intima, 
accumulate lipids and transform to lipid laden 
foam cells, which result in the earliest visible ath-
erosclerotic lesions as fatty streaks [12]. 
Meanwhile, the development of cardiovascular 
diseases was also associated with a gradual loss 
of NO bioactivity due to the uncoupling of eNOS 
(eNOS uncoupling; Fig. 4.1). Given the impor-
tance of ECs in maintaining the proper function 
of blood vessels, it is necessary to evaluate the 
toxicity of NPs to ECs in order to better under-
stand the potential effects of NPs in vivo [9].

In this book chapter, I will discuss about the 
toxicity of NPs to ECs as well as the possible 
mechanisms. The discussion will be limited to 
studies using human ECs, rather than animal 
ECs, as the results are easier to be extrapolated to 
human endothelium in vivo. I hope this book 
chapter will help future studies which consider to 
evaluate the adverse effects of NPs to 
endothelium.
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4.2  Toxicity of NPs to Human 
Endothelial Cells

4.2.1  Cytotoxicity

A number of NPs has been shown to induce cyto-
toxicity to human ECs. Of them, the soluble 
metal based NPs appear to be the most cytotoxic 
due to the dissolution of NPs to release metal 
ions. For example, ZnO NPs are partially soluble 
to release Zn ions, which has been convincingly 
shown as one of the mechanisms for ZnO NP 
induced toxicity to mammalian cells [13]. A pilot 
study by Sun et al. [14] showed that 24 h expo-
sure to ZnO NPs (primary size 45.3 nm) was 
associated with significantly decreased mito-
chondrial activity in human cardiac microvascu-
lar endothelial cells (HCMECs), with a threshold 
as low as 5 μg/mL. Liang et al. [15] showed that 
24 h exposure to ZnO NPs (primary size 70 nm) 
at the concentrations ≥15 μg/mL significantly 
induced cytotoxicity in human aortic endothelial 
cells (HAECs) as decreased mitochondrial activ-
ity, lactate dehydrogenase (LDH) release and 
apoptosis. We have also recently shown that 24 h 
exposure to 32 μg/mL ZnO NPs (primary size 
100 nm) induced cytotoxicity in human umbilical 

vein endothelial cells (HUVECs) as decreased 
mitochondrial activity, LDH release and lyso-
somal damages, which was associated with 
increased intracellular Zn ions [16, 17]. Ag NPs, 
which may lead to the accumulation of Ag ions, 
were also cytotoxic to endothelial cells. Guo 
et al. [18] showed that 24 h incubation of 
HUVECs with citrated-coated Ag NPs (10, 75, 
and 110 nm) from 1 to 40 μg/mL significantly 
induced cytotoxicity associated with increased 
accumulation of intracellular Ag, with 110 nm 
Ag NPs being most effective. Meanwhile, AgNO3 
at the same concentrations was more cytotoxic 
compared with Ag NPs, which indicated that 
AgNO3 induced cells death through a mechanism 
different from Ag NPs. A comparative study by 
Danielsen et al. [19] also showed that Ag NPs 
(<20 nm) induced cytotoxicity in HUVECs, but 
the threshold of Ag NPs (64 μg/mL) was higher 
than that of ZnO NPs (32 μg/mL). Another exam-
ple is Cd based quantum dot (QD), which can 
release the highly toxic Cd ions. Yan et al. [20] 
showed that CdTe QD (mercaptosuccinic acid 
coated; primary size ~4 nm) induced cytotoxicity 
in HUVECs, with a threshold as low as 0.1 μg/
mL. At 10 μg/mL, 24 h incubation of HUVECs 
with CdTe QD reduced cellular viability to about 

Fig. 4.1 Key events associated with the early develop-
ment of atherosclerosis. In normal endothelial cells (ECs), 
endothelial NOS (eNOS) generate NO to maintain the qui-
escent state of the endothelium, and the monocytes adhere 
poorly onto the endothelium. With the development of 
cardiovascular diseases, ECs are activated to express 

excessive adhesion molecules, and monocytes subse-
quently adhere to the activated ECs, migrate through the 
endothelium to the intima, accumulate lipids and trans-
form to lipid laden foam cells to form the earliest visible 
atherosclerotic lesions. Meanwhile, there is also a gradual 
loss of NO bioactivity due to eNOS uncoupling
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50% of control and induced apoptosis about five 
times higher over control.

Some of the insoluble NPs may also induce 
cytotoxicity to human ECs. For example, Yang 
et al. [21] showed that 24 h exposure of HUVECs 
to 20 μg/mL silica NPs (primary size 56.8 nm) 
significantly induced cytotoxicity as about 50% 
decrease of viability and about 6.6 times higher 
LDH release. Similarly, Guo et al. [22] also 
showed that 24 h or 48 h exposure of HUVECs to 
amorphous silica NPs (average diameter 
57.66 nm) from 12.5 to 100 μg/mL significantly 
induced cytotoxicity. Walker et al. [23] compared 
the effects of single-walled carbon nanotube 
(SWCNT; surface area 641 m2/g) and multi- 
walled carbon nanotube (MWCNT; 56 m2/g), and 
results showed that 24 h exposure to both types of 
CNT (10, 50, 100 μg/106 cells) induced cytotox-
icity in human aortic endothelial cells (HAEC) to 
a similar extent, which indicated that surface area 
is not important in influencing the cytotoxicity of 
CNT to ECs. Orecna et al. [24] showed that expo-
sure to 100 μg/mL pristine and carboxylated 
MWCNT (average diameter 60 nm) induced sim-
ilar effects in mitochondrial viability and LDH 
release in HUVECs, but the carboxylated 
MWCNT was associated with higher apoptosis. 
Ge et al. [25] showed that 6 h and 12 h exposure 
to 30 μg/mL SWCNT (primary size not provided; 
with ion impurities) caused over 50% decrease in 
HUVEC viability, which was attenuated by the 
presence of proteins due to the formation of pro-
tein corona.

In contrast, organic NPs generally showed lit-
tle to no cytotoxicity. For example, Matuszak 
et al. [26] showed that exposure to up to 100 μg/
mL lipid NPs (50, 80, 120 nm) or liposomes 
(109, 139 nm) did not significantly affect HUVEC 
viability (indicated as cell index by real-time 
measurement), whereas 100 μg/mL micelles 
(145, 227 nm) significantly decreased the viabil-
ity. Menard et al. [27] showed that micelles based 
on diglutamic acid (linked to lithocholic, arachi-
donic or linoleic acid) did not significantly induce 
LDH release in HUVECs, and the EC50 to reduce 
mitochondrial viability was larger than 250 μg/
mL. Our recent study also showed that up to 
200 μg/mL micelles based on MPEG-PLA 

(hydrodynamic size ~20 nm) did not significantly 
induce cytotoxicity in HUVECs [28]. Indeed, 
coating with organics could be a strategy to 
improve the biocompatibility of toxic NPs. For 
example, Su et al. [29] coated Ag NPs with poly-
urethane micelles with MPEG brush, and the 
nanocomposite showed relatively low cytotoxic-
ity to HUVECs (viability approximate 72% after 
24 h exposure to 20 μg/mL NPs) while efficiently 
inhibited the growth of bacteria. All of these 
studies in combination suggested that NPs could 
induce cytotoxicity to human ECs in vitro, and 
the cytotoxic potential is probably dependent on 
the physicochemical properties of NPs.

4.2.2  Genotoxicity

Comet assay, also known as the single cell gel 
electrophoresis assay, is one of the most popular 
assays used in particle toxicology studies to 
detect DNA damage, i.e., DNA strand breaks and 
oxidative DNA damage [30]. By using this 
method, it has been shown that exposure of 
human ECs to TiO2 NP, silica NP, carbon black 
(CB) NPs and micelles based on polyethyleni-
mine (PEI) was associated with DNA damage 
[31–35]. Another popular method is to measure 
the formation of γH2AX foci, which has been 
applied to indicate the DNA damage in human 
ECs induced by MWCNT, multiwall carbon 
nano-onion (MWCNO) and CdSe/ZnS QD [36–
38]. Duan et al. [32] further showed that silica NP 
(average size 62 nm; concentrations >25 μg/mL) 
induced DNA damage was associated with G2/M 
cell cycle checkpoint activation and inhibition of 
proliferation, which suggested that NP exposure 
could induce the downstream events associated 
with DNA damage.

Based on available reports, there appears to be 
no strong correlation between NP induced DNA 
damage and cytotoxicity in human ECs. For 
example, Bayat et al. [31] showed that 24 h expo-
sure to 10 μg/mL TiO2 NPs (primary size 1–3 nm 
and 30 nm) significantly induced DNA strand 
damage without an effect on LDH release in 
human dermal microvascular endothelial cells 
(HDMVCs). Guo et al. [38] showed that 
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 cytotoxicity was significantly induced in 
HUVECs after 24 h exposure to 10 μg/mL 
MWCNT (average diameter 30 nm, length 
<1 μm), whereas DNA damage was induced after 
incubation with MWCNT as low as 0.5 μg/
mL. Xu et al. [36] showed that the EC50 for 
MWCNO (hydrodynamic size 31.2 nm) induced 
cytotoxicity was 44.12 μg/mL, whereas γH2AX 
foci formation was observed in HUVECs after 
6 h, 12 h and 24 h incubation with 5 μg/mL 
MWCNO. These studies indicated that DNA 
damage could be used as a sensitive marker to 
reflect NP induced toxicity.

Cowie et al. [35] compared DNA damage 
induced by TiO2 NPs (20 nm), iron oxide NPs 
(8 nm, with or without oleic acid coating), silica 
NPs (25 nm and 50 nm; rhodamine-labeled) and 
polylactic glycolic acid polyethylene oxide poly-
meric NPs in a number of different cell lines, 
namely human lymphoblastoid TK6 cells, human 
kidney HEK293, monkey kidney COS-1 cells, 
human cerebral endothelial cells (HCECs), bron-
chial 16HBE14o cells and human BeWo b30 pla-
cental cells. The results showed that HCECs were 
as effective as other types of cells to identify 
genotoxic and non-genotoxic NPs, however, the 
TK6 cells, BeWo b30 and kidney cells seem to be 
the most reliable for detecting a dose-response.

4.2.3  Endothelial Activation

It has been shown that direct exposure of human 
ECs to different types of NPs could induce endo-
thelial activation in vitro, i.e., expression of adhe-
sion molecules, release of inflammatory markers 
and monocyte adhesion. For example, Zhu et al. 
[39] showed that exposure of HAECs to iron 
oxide NPs (22 nm and 43 nm) at 2, 20, 100 μg/
mL significantly promoted the expression of 
interleukin 8 (IL-8) and ICAM-1 as well as adhe-
sion of U937 to ECs. Montiel-Davalos et al. [40] 
reported that TiO2 NPs (average size <50 nm) 
from 5 to 40 μg/cm2 induced the expression of 
adhesion molecules (i.e., E-selectin, P-selectin, 
ICAM-1, VCAM-1 and PECAM-1) as well as 
adhesion of U937 cells to HUVECs. Li et al. [41] 
found that exposure of HUVECs to 0.1, 1 and 

10 μg/mL ZnO NPs (50 nm), but not the mic-
roparticles (>100 nm), was associated with 
increased expression of ICAM-1 and monocyte 
adhesion. Meanwhile, elevated expression of 
ICAM-1 and foam cell formation were also 
observed in ZnO NP exposed mice. Shi et al. [42] 
showed that Ag NPs (hydrodynamic size 65 nm) 
from 0.5 to 2.0 μg/mL induced the expression of 
inflammatory cytokines (i.e., IL-6, IL-8 and 
MCP-1) and adhesion molecules (ICAM-1, 
VCAM-1 and P-selectin). For carbonaceous NPs, 
Cao et al. [43] showed that 24 h exposure of 
HUVECs to MWCNT (primary size 700–
3000 nm in length × 5–35 nm in diameter, and 
400–4000 nm in length × 6–20 nm in diameter) 
significantly induced expression of ICAM-1 and 
VCAM-1 at concentrations from 16 to 64 μg/mL 
as well as monocyte adhesion at 64 μg/mL, 
whereas CB NPs (primary size 14 nm) only 
induced significantly increased expression of 
ICAM-1 and VCAM-1 without an effect on 
monocyte adhesion at the concentrations of 50 
and 100 μg/mL [44].

Meanwhile, by using co-culture models, it has 
been shown that NPs may also activate ECs with-
out direct contact with ECs. For example, 
Napierska et al. [45] incubated EA.hy 926 cells 
(an immortalized EC cell line) with A549 and 
THP-1 co-cultures that had been exposed to silica 
NPs (2 and 60 nm) for 12 h, and found increased 
release of IL-6, IL-8 and MIP-1 in indirectly 
exposed endothelial monolayer. Snyder- 
Talkington et al. [46] showed that apical expo-
sure of human small airway epithelial cells 
(SAEC) to 1.2 μg/mL MWCNT (length 3.86 μm 
× diameter 49 nm) for 24 h induced the release of 
VEGFA, sICAM-1 and sVCAM-1 in human 
microvascular endothelial cells (HMVEC) cul-
tured in basolateral chamber. In a later study, the 
same group further showed that 24 h incubation 
of SAEC with 0.5 and 1.0 μg/mL printer-emitted 
NPs (aerodynamic diameters ranged from 39 to 
122 nm) promoted the release of cytokines and 
chemokines without the internalization of NPs 
into HMVEC by using the same model [47]. Cao 
et al. [48] showed that exposure of A549 and 
THP-1 cells with 8 μg/mL MWCNT (primary 
size 700–3000 nm in length × 5–35 nm in 
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 diameter, and 400–4000 nm in length × 6–20 nm 
in diameter) for 24 h modestly promoted the 
release of IL-6 and IL-8 as well as monocyte 
adhesion in HUVEC monolayer in basolateral 
chamber. In combination, it is possible that expo-
sure to NPs could lead to endothelial activation 
in vitro, either due to the direct effect of NPs or 
an indirect effect by inflammatory mediators.

4.2.4  Dysfunction of NOS 
and Impaired NO Signaling

The proper function of blood vessels requires the 
endothelium to release NO, and dysfunction of 
NO, particularly diminished NO bioactivity due 
to eNOS uncoupling, has been implicated in the 
development of cardiovascular diseases [11]. 
Some of the NPs have been shown to induce 
eNOS uncoupling and/or decreased NO produc-
tion. For example, Duan et al. [49] showed that 
exposure to silica NPs (diameter 62 nm) dose- 
dependently (25–100 μg/mL) decreased the NO 
production and activity of eNOS and NOS but 
increased the activity of iNOS in HUVECs. 
Similarly, decreased activity of eNOS and NO 
production have been observed in human ECs 
after exposure to magnetic ferroferric oxide NPs 
(diameter ranges from 10 to 15 nm) [50] and 
superparamagnetic iron oxide (size ranges from 5 
to 75 nm) [51]. A decreased NO/peroxynitrite 
ratio has been observed in HUVECs after expo-
sure to silica NPs with different sizes (10, 50, 150 
and 500 nm), especially 10 nm silica NPs [52]. 
Exposure to detonation diamond NPs (size grains 
2–5 nm) [53] or TiO2 NPs (1–3 nm) [31] was also 
associated with decreased NO production. 
Although these studies did not attempt measuring 
the activity of NOS, the decreased NO produc-
tion could be due to decreased activity of NOS, 
particularly eNOS uncoupling.

In contrast, exposure to NPs may also pro-
mote NOS activity and NO over-production. For 
example, Zhu et al. [39] showed that iron oxide 
NPs (22 nm and 43 nm) at 2, 20, 100 μg/mL pro-
moted NO over-production due to elevated NOS 
activity. Similarly, Su et al. [54] showed that 
magnetic NPs (diameter 15–20 nm) at 400 μg/

mL significantly induced NO production and 
eNOS activity. Furthermore, an increase of serum 
NO was also observed in mice after 3 days expo-
sure to 20 mg/kg magnetic NPs. Han et al. [55] 
showed that exposure to 200 μg/mL ZnS nanoar-
chitectures was associated with increased NO 
production and NOS activity in HUVECs, 
whereas exposure to 5 mg/kg and 10 mg/kg ZnS 
nanoarchitectures promoted NO in serum and 
damages to endothelium in aortic root of normal 
mice. NO over-production was also observed in 
human ECs after exposure to TiO2 NPs (average 
size <50 nm) [40] and ZnO NPs (diameter 20 nm; 
not significantly affected by ZnO NPs with diam-
eter of 90–210 nm) [56], although the NOS activ-
ity was not further measured. In combination, 
exposure of human ECs to NPs could lead to 
impaired NO signaling, showing as diminished 
NO bioactivity due to eNOS uncoupling or NO 
over-production due to increased NOS activity.

4.3  Mechanisms

4.3.1  Oxidative Stress

It well known that exposure to NPs could lead to 
oxidative stress and inflammation, which could 
be the mechanisms associated with cardiovascu-
lar toxicity of NPs [57, 58]. To explain NP 
induced oxidative stress and toxicity, a three-tier 
model has been proposed [59, 60]. This model 
suggested that at low amount of oxidative stress 
(tier-1 level), NPs could lead to the antioxidant 
responses mediated by Nrf-2 signaling pathway. 
At intermediate amount of oxidative stress (tier-2 
level), NPs could induced inflammatory responses 
due to the activation of NF-κB cascades. At high 
amount of oxidative stress, NPs could result in 
oxidative damage and eventually apoptosis and 
necrosis [59, 60]. Over-production of reactive 
oxygen species (ROS) or NO has been observed 
in human ECs after exposure to different kinds of 
NPs, e.g., Ag NPs, silica NPs, TiO2 NPs and car-
bonaceous NPs, which may further mediate the 
oxidative damage of bio-molecules and inhibit 
the function of antioxidant systems [32, 42–44, 
52, 61]. Activation of Nrf-2 signaling pathway 
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has also been observed in human ECs after NP 
exposure. For example, Lai et al. [62] showed 
that Au NPs enhanced the level and nuclear trans-
location of the Nrf-2 protein and Bach1 export/
tyrosine phosphorylation, leading to the expres-
sion of heme oxygenase-1 (HO-1) protein in 
HUVECs. Guo et al. [63] also found increased 
protein expression of Nrf-2 and HO-1 in silica 
NP exposed HUVECs. Interestingly, it has been 
shown that the presence of antioxidant may pre-
vent NP induced toxicity in human ECs. For 
instance, Shi et al. [42] showed that Ag NP 
induced cytotoxicity, intracellular ROS and 
inflammatory responses in HUVECs were inhib-
ited by the presence of antioxidant 
N-acetylcysteine (NAC). Similarly, Guo et al. 
[22] also found that silica NP induced cytotoxic-
ity and oxidative damage was restored by 
NAC. In another study, Liang et al. [15] showed 
that exposure of HAECs to ZnO NPs induced 
cytotoxicity associated with ROS mediated mito-
chondria membrane potential decrease, cyto-
chrome C release, activation of caspases 3 and 
caspases 9 and increase of Bax/Bcl-2 ratio. 
Moreover, these effects were partially or com-
pletely inhibited by the treatment of α-lipoic acid 
(LA). All of these studies suggested that oxida-
tive stress could be the mechanism associated 
with the toxicity of NPs to ECs, which is in 
agreement with the three-tier model [59, 60].

4.3.2  Inflammation

As suggested by the three-tier model, intermedi-
ate amount of oxidative stress induced by NP 
exposure could lead to inflammation due to the 
activation of NF-κB cascades [59, 60]. Activation 
of NF-κB cascades has also been observed in NP 
exposed human ECs. For example, Corbalan 
et al. [52] showed that exposure of HUVECs to 
silica NPs was associated with increased NF-κB 
DNA binding activity as well as up-regulation of 
a number of inflammatory genes. In addition, 
suppression of NF-κB activity by proteasome 
inhibitor significantly prevented the up- regulation 
of ICAM-1, VCAM-1, SELE, F3, and IL-8 
induced by silica NPs. In a later study, Guo et al. 

[63] also showed that exposure of HUVECs to 
silica NPs was associated with activation of 
NF-κB and increased expression of a number of 
inflammatory markers, including IL-1β, IL-6, 
IL-8, TNFα, ICAM-1, VCAM-1, and MCP-1. 
Shi et al. [42] found that exposure of HUVECs to 
Ag NPs increased the phosphorylation of IKKα/β 
and IκBα (two key proteins of NF-κB), p65 sub-
unit and the formation of the NF-κB nuclear 
protein- DNA complex, associated with increased 
expression of inflammatory cytokines and adhe-
sion molecules. Moreover, all of these effects 
could be prevented by the treatment of antioxi-
dant NAC, which indicated a role of oxidative 
stress in mediating NP induced NF-κB cascades. 
Liu and Sun [64] found increased NF-κB activity 
as well as expression of inflammatory cytokines 
and adhesion molecules in hydroxyapatite NP 
exposed HUVEC+THP-1 co-cultures, but not the 
HUVEC mono-culture. TiO2 NPs have also been 
shown to induce the translocation of NF-κB and 
IκBα degradation, which could be responsible for 
NP induced expression of adhesion molecules 
and U937 adhesion to HUVECs [40]. All of these 
studies in combination indicated that exposure to 
NPs could lead to endothelial dysfunction due to 
the activation of NF-κB cascades, which is in 
agreement of the three-tier model.

4.3.3  Dysfunction of Autophagy

Autophagy is a process where cytoplasmic com-
ponents are sequestered in double-membrane 
vesicles for degradation into lysosomes, and dys-
function of autophagy has been implicated in 
endothelial dysfunction and development of car-
diovascular diseases [65, 66]. In recent years, it 
has been suggested that exposure to NPs may 
lead to autophagy dysfunction (defined as exces-
sive autophagy induction) as the mechanism for 
NP induced toxicity [67]. In human ECs, it has 
been shown that a number of NPs, such as iron 
oxide NPs, TiO2 NPs, Ag NPs and silica NPs, 
could lead to induction of autophagy [49, 61, 68, 
69]. In addition, inhibition of autophagy dysfunc-
tion has been shown to attenuate NP induced tox-
icity to ECs. For example, it has been shown that 
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exposure of HUVECs to Fe3O4 NPs promoted 
endothelial dysfunction (eNOS uncoupling, 
inflammatory responses) associated with an 
induction of autophagy, and suppression of 
autophagy induction or stimulation of autophagic 
flux partially attenuated the toxic effects of NPs 
[50]. Similarly, exposure of HUVECs to carbox-
ylated MWCNT was also shown to be associated 
with the profound accumulation of autophago-
somes due to blockade of the autophagic flux, 
and stimulation of the autophagic flux attenuated 
the cytotoxicity of NPs associated with the extra-
cellular release of NPs in autophagic microvesi-
cles [24]. In another study, it was shown that the 
presence of antioxidant NAC attenuated silica 
NP induced endothelial toxicity partially through 
the inhibition of autophagy [22]. All of these 
studies suggested that excessive autophagy 
induced by NPs could be one of the mechanisms 
responsible for NP induced endothelial toxicity.

4.4  Conclusions

Once entering circulation, it is likely that NPs 
will interact with the endothelium, and it is nec-
essary to assess the toxicity of NPs to ECs to bet-
ter understand the potential adverse effects of 
NPs in vivo [9]. By using human ECs, including 
primary ECs or immortalized EC cell lines, it has 
been shown that NPs could induce cytotoxicity, 
genotoxicity, endothelial activation and impair-
ment of NO signaling (Fig. 4.2). Oxidative stress 
and inflammatory response induced by NPs have 
been suggested as the mechanisms, as revealed 
by the three-tier model (Fig. 4.3). In recent years, 
dysfunction of autophagy (excessive autophagy 
induction) has also been suggested as one of the 
mechanisms responsible for NP induced toxicity 
to ECs. In the future, it is still necessary to use 
ECs to assess the potential toxic effects of NPs 
and to study the mechanisms.

Fig. 4.2 The toxicity of NPs to human ECs. Exposure to 
NPs may induce cytotoxicity (apoptosis, necrosis), geno-
toxicity (DNA damage), endothelial activation (adhesion 

molecules, monocyte adhesion) and dysfunction of NOS 
(over-production of ROS or NO) in human ECs
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and Its Related Cellular 
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Abstract

In the past decades, nanoparticles have been widely used in industry and 
pharmaceutical fields for drug delivery, anti-pathogen, and diagnostic 
imaging purposes because of their unique physicochemical characteristics 
such as special ultrastructure, dispersity, and effective cellular uptake 
properties. But the nanotoxicity has been raised over the extensive appli-
cations of nanoparticles. Researchers have elucidated series of mecha-
nisms in nanoparticles-induced toxicity, including apoptosis, necrosis, 
oxidative stress, and autophagy. Among upon mechanisms, autophagy was 
recently recognized as an important cell death style in various nanoparti-
cles-induced toxicity, but the role of autophagy and its related cellular and 
molecular mechanisms during nanoparticles-triggered toxicity were still 
confusing. In the chapter, we briefly introduced the general process of 
autophagy, summarized the different roles of autophagy in various 
nanoparticle-treated different in vitro/in vivo models, and deeply analyzed 
the physicochemical and biochemical (cellular and molecular) mecha-
nisms of autophagy during nanoparticles-induced toxicity through listing 
and summarizing representative examples. Physicochemical mechanisms 
mainly include dispersity, size, charge, and surface chemistry; cellular 
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mechanisms primarily focus on lysosome impairment, mitochondria dys-
function, mitophagy, endoplasmic reticulum stress and endoplasmic retic-
ulum autophagy; while molecular mechanisms were mainly including 
autophagy related signaling pathways, hypoxia-inducible factor, and oxi-
dative stress. This chapter highlighted the important role of autophagy as 
a critical mechanism in nanoparticles-induced toxicity, and the physico-
chemical and biochemical mechanisms of autophagy triggered by nanopar-
ticles might be useful for establishing a guideline for the evaluation of 
nanotoxicology, designing and developing new biosafety nanoparticles in 
the future.

Keywords

Autophagy · Nanoparticles · Nanotoxicology · Mitophagy · Oxidative 
stress

5.1  Introduction

In the past decades, nanoparticles have been 
widely used in industry and pharmaceutical fields 
for drug delivery, anti-pathogen, and diagnostic 
imaging purposes because of their unique physi-
cochemical characteristics such as special ultra-
structure, dispersity, and effective cellular uptake 
properties [1, 2]. But the nanotoxicity has been 
raised over the extensive applications of nanopar-
ticles. Researchers have elucidated series of 
mechanisms in nanoparticles-induced toxicity, 
including apoptosis, necrosis, oxidative stress, 
and autophagy [3, 4]. Among upon mechanisms, 
autophagy was recently recognized as an impor-
tant cell death style in various nanoparticles- 
induced toxicity, but the role of autophagy and its 
related cellular and molecular mechanisms dur-
ing nanoparticles-triggered toxicity were still 
confusing.

In the chapter, we briefly introduced the  
general process of autophagy, summarized the 
different roles of autophagy in various nanoparti-
cle-treated different in vitro/in vivo models, and 
deeply analyzed the physicochemical and bio-
chemical (cellular and molecular) mechanisms of 
autophagy during nanoparticles- induced toxicity 
through listing and summarizing representative 
examples. Physicochemical mechanisms mainly 
include dispersity, size, charge, and surface 
chemistry; Cellular mechanisms primarily focus 

on lysosome impairment, mitochondria dysfunc-
tion, mitophagy, endoplasmic reticulum stress 
and endoplasmic reticulum autophagy; while 
molecular mechanisms were mainly including 
autophagy related signaling pathways, hypoxia-
inducible factor, and oxidative stress. This chap-
ter highlighted the important role of autophagy as 
a critical mechanism in nanoparticles-induced 
toxicity, the physicochemical and biochemical 
mechanisms of autophagy triggered by nanopar-
ticles might be useful for establishing a guideline 
for the evaluation of nanotoxicology, designing 
and developing new biosafety nanoparticles in 
the future.

5.2  Classification of Autophagy

The general term of autophagy was derived from 
the Greek and meaning for “self-eating”. And 
this evolutionarily conserved process of degrada-
tion cytoplasmic components (mis-folded protein 
and dysfunctional organelles) within lysosomes 
was first described nearly 50 years ago [5, 6]. 
Different with endocytosis-mediated degradation 
and recycle of cytoplasmic components, there are 
three types of autophagy including microautophagy, 
macroautophagy, and chaperone-mediated 
autophagy [7]. Microautophagy is mediated by 
lysosomal directly engulf cytoplasmic compo-
nents in nonselective manners. Macroautophagy 
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consists of three steps: cytoplasmic constituents 
(mis-folded proteins or damaged organelles) are 
enveloped by double-membraned autophago-
some; autophagosomes are fused with lysosome 
to form an autolysosome; and the cytoplasmic 
constituents are degraded and recycled in lyso-
some (Fig. 5.1). Macroautophagy could degrade 
most specific components, such as mitochondria 
(mitophagy), endoplasmic reticulum (ERphagy 
or reticulophagy), ribosomes (ribophagy), and 
pexophagy (peroxisomes); and is the most popu-
lar and well investigated type of autophagy. 

Chaperone-mediated autophagy is the process 
that soluble cytosolic proteins directly translo-
cated into lysosomes for degradation in 
chaperone- dependent selecting manner. 
Chaperone-mediated autophagy dose not require 
the formation of additional vesicles [7]. 
Autophagy can be activated by series of stressful 
conditions such as nutrient deprivation, oxidative 
stress, hypoxia, and inflammatory mediates [8]. 
The internalized nanoparticles were regarded as 
foreign materials and autophagic cargoed by 
cells and then triggered autophagy.

5.3  The Role of Autophagy 
in Nanoparticles-Induced 
Toxicity

Autophagy is likened to the opposite faces of 
Janus, as it could protect cells to survive under 
certain severe conditions, as well as inducing cell 
death when too much autophagy occurs [9]. 
Similarly, nanoparticles-mediated autophagy 
during nanotoxicity might be an adaptive cellular 
response aiding in the clearance of nanoparticles, 
and also might be harmful in cellular dysfunction 
(Fig. 5.1).

In the section, the dual role of autophagy in 
nanoparticles-induced toxicity will be reviewed. 
Researchers investigated the autophagic effects 
triggered by non-mental nanoparticles, mental 
nanoparticles, mental oxide nanoparticles, and 
polymers in various models, and found most 
nanoparticles could induce autophagic cell death: 
Yu et al., reported that silica nanoparticles 
induced autophagic cell death in hepatoma 
HepG2 cells, autophagy inhibitor could effec-
tively impair autophagy and cell death triggered 
by silica nanoparticles [10]. Using different cell 
models, Liu et al., and Park et al., both confirmed 
that single-walled carbon nanotubes induced 
autophagic cell death in A549 human lung cells 
and BEAS-2B human bronchial epithelial cells 
[11, 12]. Besides, mental oxide nanoparticles 
could also trigger autopahgic cell death: Copper 
oxide nanoparticles induced autophagic cell 
death in A549 cells, and autophagy inhibitors 

Fig. 5.1 The dual role of autophagy in nanoparticles- 
induced toxicity. Macroautophagy consists of three steps: 
cytoplasmic constituents (mis-folded proteins or damaged 
organelles) are enveloped by double-membraned autopha-
gosome; autophagosomes are fused with lysosome to 
form an autolysosome; and the cytoplasmic constituents 
are degraded and recycled in lysosome. Autophagy is lik-
ened to the opposite faces of Janus, as it could protect 
cells to survive under certain severe conditions, as well as 
inducing cell death when too much autophagy occurs
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wortmannin and 3-methyladenine could protect 
against copper oxide nanoparticles-induced 
A549 cell death [13]; Yu et al., showed that zinc 
oxide nanoparticle also induced autophagic cell 
death and mitochondrial damage via reactive 
oxygen species generation [14], meanwhile, 
Johnson et al., also found that acute exposure to 
zinc oxide nanoparticles could induce autophagic 
immune cell death [15]. And nano sized neodym-
ium oxide particles could trigger massive vacuol-
ization and induce autophagic cell death in lung 
cancer cells [16]. Apart from mental and non- 
mental nanoparticles, polymers could also induce 
autophagic cell death during their-induced toxic-
ity: Cationic polystyrene nanoparticles induced 
autophagic cell death through endoplasmic retic-
ulum stress induction in macrophage and lung 
epithelial cells [17]. And many research groups 
have confirmed that cationic poly-amidoamine 
dendrimers promoted liver injury, lung damage 
and broke neuronal function by inducting autoph-
agic cell death in different cell and mice models 
[18–20].

Compared with massive studies on 
nanoparticles- induced autophagic cell death, 
only a few literatures showed that nanoparticles 
triggered cyto-protective autophagy in cells. 
Zhou et al., found a novel nanoparticles para-
montroseite VO2 induced cyto-protective autoph-
agy in HeLa cells, while autophagy inhibitor 
3-methyladenine could obviously increase cell 
death rate in nanoparticels-treated HeLa cells 
[21]. The same research group also confirmed 
that silver nanoparticles induced cyto-protective 
autophagy during their-induced HeLa cell death, 
suppression of autophagy enhanced the antican-
cer activity of silver nanoparticles [22].

5.4  Physicochemical 
Mechanisms of Autophagy 
in Nanoparticles-Induced 
Toxicity

The mechanisms of autophagy in nanoparticles- 
induced toxicity were very complex regarding 
different physicochemical and biochemical prop-

erties of nanoparticles and various interactions 
between nanoparticles and cells during their- 
induced toxicity.

5.4.1  Dispersity

Huang and his colleagues explored the role of 
dispersity in nanoparticles-induced autophagy 
and found metal oxide Nanoparticles iron oxide 
nanoparticles could induce significant autopha-
gic effect when in aggregated conditions; when 
surface modification by dopamine (DA), 
3,4-dihydroxyphenylacetic acid (DOPAC), and 
meso-2,3-dimercaptosuccinicacid (DMSA) or 
protein adsorption by water dilution or bovine 
serum albumin (BSA) incubation improved their 
dispersity, the autophagic effects were also be 
diminished. Moreover, other kinds of nanoparti-
cles such as mental nanoparticles (gold) and sil-
ica nanoparticles also exhibited 
dispersity-dependent autophagic effects. It was 
the first and the only study on dispersity of 
nanoparticles affecting autophagy, and suggested 
that autophagy triggered by nanoparticles could 
be modulated through tuning their dispersity 
[23].

5.4.2  Size

Compared with rare study on the role of disper-
sity in nanoparticles-activated autophagy, a series 
of literatures have widely investigated the size- 
dependent manner of nanoparticles during their- 
induced autophagy, including quantum dots, 
silver, gold, and silica nanoparticles.

In the year of 2006, Seleverstov O and col-
leagues compared the cytotoxicity and intracel-
lular process of two different-sized quantum dots 
in human mesenchyal stem cells, and then 
reported for the first time that nanoparticles could 
trigger autophagy activation in a size-dependent 
manner [24]. Since then, more and more scien-
tists investigated and found other nanoparticles 
could also induct autophagy in size-dependent 
manner.
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Mishra and coauthors reported that silver 
nanoparticle could also activate autophagic- 
lysosomal interruption in a size-dependent man-
ner; smaller (10 nm) silver nanoparticles 
exhibited highest uptake, accumulation and 
strongest autophagy and enhanced lysosomal 
activity in HepG2 cells when compared with 
larger (50 nm and 100 nm) silver nanoparticles 
[25]. Another mental gold nanoparticles could 
also induce autophagosome accumulation from 
blocking autophagy flux in a size-dependent 
nanoparticle uptake manner [26].

Apart from mental nanoparticles, researchers 
found that non-mental nanoparticles could also 
activate autophagy in a size-dependent manner 
during their-induced toxicity. Li et al., compared 
the difference of autophagy dysfunction trig-
gered by nano-scale size (40 nm and 60 nm) and 
micro-scale size (200 nm) silica particles during 
their-induced cytotoxicity in human bronchial 
epithelial BEAS-2B cells: Nano-scale silica par-
ticles, but not micro-scale silica nanoparticles, 
could induce mitochondrial damage and autoph-
agy via the PI3K/Akt/mTOR signaling pathway 
in a size- and dose-dependent manner in human 
bronchial epithelial BEAS-2B cells [27]. Using 
different cell model, Huang and colleagues also 
confirmed the size effect of silica sub- 
microspheres in autophagy induction; Cells 
treated with 0.5–0.7 μm silica particles displayed 
many GFP-LC3 fluorescent puncta and high 
expression levels of autophagy related proteins; 
however, when the particle size was smaller than 
0.5 μm or larger than 0.7 μm, autophagic level 
decreased. Cells treated with 0.1 μm or 2.1 μm 
silica particles had negligible change in GFP-LC3 
puncta or expression levels of autophagy related 
proteins [28].

5.4.3  Charge

The autophagy triggered by nanoparticles was 
found not only to be dependent on particles’ size, 
but also to be affected by porosity and surface 
charge. The polystyrene nanoparticles with neu-
tral, anionic, and cationic surface charges could 
all activate autophagy and triggered the regulator 

of autophagy and lysosome biogenesis- 
transcription factor EB activation. But autopha-
gic cargo clearance was tightly related to the 
charges of nanoparticles: neutral and anionic sur-
face enhanced clearance of autophagic cargo, 
while cationic surface caused lysosomal dysfunc-
tion, reduced formation of autophagolysosomes, 
and finally blocked autophagic flux in HeLa cells 
[29]. There also showed different autophagic 
effects triggered by cationic or anionic PAMAM 
dendrimers during their-induced acute lung 
injury: Cationic PAMAM dendrimers G3 could 
obviously induce autophagosomes accumulation 
and enhance the expression of the microtubule- 
associated protein 1 light chain 3 in human lung 
A549 cells; while the same concentration of 
anionic PAMAM dendrimers G5.5 failed to trig-
ger autophagy [18].

5.4.4  Surface Chemistry

Multiwalled carbon nanotubes could alter 
autophagy via interacting with cell membranes 
and membrane-associated molecules. While sur-
face ligands modified by combinatorial chemis-
try on multiwalled carbon nanotubes could tune 
cell autophagy to various levels in different cell 
lines. Furthermore, multiwalled carbon nano-
tubes with different surface chemistries could 
induce autophagy in mTOR signaling pathway- 
dependent or -independent manner via binding to 
different cell surface receptors [30]. Fe3O4 
nanoparticles extensively impaird lysosomes and 
led to LC3-positive autophagosomes formation, 
while PLGA-coated on the surface of Fe3O4 
nanoparticles reduced this damaging effect on 
lysosomes. Moreover, Fe3O4 nanoparticles also 
induced mitochondrial dysfunction and endo-
plasmic reticulum/Golgi body stresses, which 
triggered autophagy, while PLGA-coated Fe3O4 
nanoparticles reduced the devastating effect on 
these organelles. In vivo experimental results 
suggested that Fe3O4 nanoparticles led to massive 
autophagosomes accumulation in the kidney and 
spleen of mice when compared with the PLGA- 
coated Fe3O4 and PLGA nanoparticles [31]. 
Besides, N-alkyl-PEI-lactobionic acid wrapped 
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superparamagnetic iron oxide nanocomposites 
showed better cell viability in RAW 264.7 cells 
when compared with the unsubstituted ones, and 
PEI induced cell autophagy can be reduced via 
lactose modification [32], confirmed that surface 
chemistry played an important role in 
nanoparticles- induced autophagy.

5.5  Cellular Mechanisms 
of Autophagy 
in Nanoparticles-Induced 
Toxicity

5.5.1  Lysosome Impairment

Lysosome is a membrane-bound organelle that 
consists of hydrolytic enzymes containing vesi-
cles, and is the most important organelle in the 
final step of autophagy steps. Lysosomal dys-
function is the major mechanism by which 
nanoparticles trigger autophagy, and mainly 
including lysosomal ultrastructures damage, 
changes of lysosome pH, and disactivities of 
lysosomal proteases (Fig. 5.2) [33]. Wang et al., 
reported that silica nanoparticles induced autoph-

agy dysfunction via lysosomal impairment and 
inhibition of autophagosome degradation in 
hepatocytes. They found that silica nanoparticles 
could trigger autophagy formation in two kinds 
of hepatocytes even at the noncytotoxic level and 
suppress the autophagic flux at high concentra-
tion. Silica nanoparticles impaired the lysosomal 
function through damaging lysosomal ultrastruc-
tures, increasing membrane permeability, and 
downregulating the expression of lysosomal pro-
teases, cathepsin B [34]. Meanwhile, Ji and co- 
authors found that graphene oxide quantum dots 
induced autophagosome accumulation but 
blocked autophagic flux by decreasing the 
amount and enzymatic activity of cathepsin B 
and inhibiting lysosome proteolytic capacity in 
GC-2 and TM4 cells [35]. Besides, Fe3O4 
nanoparticles extensively impaired lysosomes 
and led to the accumulation of LC3-positive 
autophagosomes, while PLGA-coated Fe3O4 
nanoparticles reduced this destructive effect on 
lysosomes [31].

Apart from lysosmal ultrastructures damage 
and disactivaties of lysosomal proteases, changes 
of pH in lysosomes were also involved in lyso-
some impairment. Ma et al., investigated the 

Fig. 5.2 Cellular 
mechanisms of 
autophagy in 
nanoparticles-induced 
toxicity. (1) lysosome 
impairment; (2) 
mitochondria 
dysfunction and 
mitophagy; (3) 
endoplasmic reticulum 
stress and endoplasmic 
reticulum autophagy
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mechanisms of gold nanoparticles-triggered 
autophagy in cells and found that the internalized 
gold nanoparticles was finally accumulated in 
lysosomes and caused impaired lysosome degra-
dation ability through alkalinization of lysosomal 
pH during their-induced autophagosome accu-
mulation from blocking autophagy flux [26]. 
While using another nanoparticles, Schutz et al., 
reported that internalized silica nanoparticles 
accumulated in lysosomes resulted in suppres-
sion of autophagy-mediated protein recycle and 
impaired degradation of internalized epidermal 
growth factor, while endosomal recycling pro-
ceeds was not disturbed. The phenotype was 
caused by perturbed delivery of cargo via 
autophagosomes and late endosomes to silica 
nanoparticles-filled cathepsin B/L-containing 
lysosomes, rather than elevated lysosomal pH or 
altered mTOR activity [36].

5.5.2  Mitochondria Dysfunction 
and Mitophagy

Mitochondria are major places for cells to pro-
ducing energy and operating oxidative reaction; 
besides, mitochondria were also involved in 
many cell activities such as cell proliferation, dif-
ferentiation, and apoptosis [37, 38]. In the year of 
2010, Johnson-Lyles et al., investigated that renal 
proximal tubule cells exposed to fullerenol 
showed cytoskeletion disruption, autophagic vac-
uole accumulation, loss of cellular mitochondrial 
membrane potential and ATP depletion; more-
over, fullerenol-induced ATP depletion and loss 
of mitochondrial potential were partially amelio-
rated by co-treatment with the autophagy inhibi-
tor 3-MA, which confirmed the critical relation 
between mitochondrial dysfunction and autoph-
agy [39]. Wu et al., investigate that iron core and 
gold shell nanoparticles could cause an irrevers-
ible membrane-potential loss in the mitochondria 
of cancer cells. Iron elements, before oxidation, 
triggered mitochondria-mediated autophagy was 
the key factor responsible for the differential 
cytotoxicity observed between cancerous and 
healthy cells [40]. Similarly, Fe3O4 nanoparticles 
could also cause mitochondrial damage and ER 

and Golgi body stresses, which induce autoph-
agy, while PLGA-coated Fe3O4 nanoparticles 
reduce the destructive effect on these organelles 
[31].

Apart from mitochondrial dysfunction in 
nanoparticles-induced autophagy during their 
toxicity, mitophagy is one of the most direct 
mechanisms linking mitochondria and autoph-
agy. Mitophagy is a kind of autophagy, which is 
the process of removing abnormal mitochondria 
through autophagy in cells [41]. The detailed 
process were: abnormal conditions such as reac-
tive oxygen species, nutrition lacking could 
induce depolarized and damaged mitochondrion. 
Dysfunctional mitochondria were packaged into 
autophagosome and then fused and degraded in 
lysosomes [42].

Zhang et al., developed polyoxometalates 
nanoparticle-peptide conjugates targeting mito-
chondria to explore the interactions between 
nanoparticles and cells. Autophagy of 
Mitochondria induced by polyoxometalates 
nanoparticles-peptide conjugates was the cell 
response for the damaged organelles recycle via 
mitochondrial membrane potential-related 
molecular mediation [43]. Besides, Nano- 
alumina (Al2O3) could induce autophagy and 
mitochondria damage in primary cortical neuro-
nal cells while the damaged mitochondria were 
removed by mitophagy [44].

5.5.3  Endoplasmic Reticulum Stress 
and Endoplasmic Reticulum 
Autophagy

Endoplasmic reticulum plays several common 
functions, including protein molecules folding 
and transporting synthesized proteins from vesi-
cles to Golgi apparatus [45]. Abnormal  conditions 
in redox and calcium regulation, glucose defi-
ciency or viral infection can trigger endoplasmic 
reticulum stress response [46]. An accumulation 
of unfolded or misfolded proteins in the endo-
plasmic reticulum leads to stress conditions. 
Recent studies have revealed that endoplasmic 
reticulum stress can either stimulate or inhibit 
autophagy [47].
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Titanium dioxide nanoparticles could induce 
endoplasmic reticulum stress inhuman bronchial 
epithelial cells and disrupted the mitochondria- 
associated endoplasmic reticulum membranes 
and calcium ion balance, thereby increasing 
autophagy. Tauroursodeoxycholic acid, inhibitor 
of endoplasmic reticulum stress, could signifi-
cantly mitigated titanium dioxide nanoparticles- 
induced cellular toxic response [48]. In vivo 
experimental results also showed that endoplas-
mic reticulum and mitochondria were disrupted 
and dysfunctional in the TiO2 nanoparticles- 
exposed lung leading to abnormal autophagy 
[49]. Another mental oxide nanoparticles mag-
netic iron oxide nanoparticles could induce 
autophagy preceding apoptosis through mito-
chondrial damage and endoplasmic reticulum 
stress in RAW264.7 cells: Blocking of autopha-
gosome formation may accelerate apoptotic cell 
death and endoplasmic reticulum stress [50].

Besides mental oxide nanoparticles, cationic 
polystyrene nanospheres could also induce 
autophagic cell death through the induction of 
endoplasmic reticulum stress. Cationic polysty-
rene nanospheres were highly toxic with 
enhanced uptake in RAW 264.7 macrophage and 
BEAS-2B lung epithelial cells. The nanoparticles 
could induce autophagic cell death, and the 
increased autophagic flux triggered by reactive 
oxygen species generation and endoplasmic 
reticulum stress was caused by misfolded protein 
accumulation. The inhibition of endoplasmic 
reticulum stress could impair cytotoxicity and 
autophagy in cationic polystyrene-treated cells 
[17].

The role of endoplasmic reticulum stress in 
nanoparticle-induced autophagy has been exten-
sively studied, however, real time information 
about the endoplasmic reticulum involved 
autophagic process (endoplasmic reticulum 
autophagy) induced by nanoparticles remains 
confusing. Wei et al., reported that silica nanopar-
ticles could be captured, accumulated in endo-
plasmic reticulum, and triggered autophagy in 
HCT-116 human colon cancer cells. The co- 
location of cells between endoplasmic reticulum, 
lysosomes and autophagic vacuoles confirmed 
that silica nanoparticles-induced endoplasmic 

reticulum autophagy. These findings enable us to 
know more about endoplasmic reticulum autoph-
agy [51].

5.6  Molecular Mechanisms 
of Autophagy 
in Nanoparticles-Induced 
Toxicity

5.6.1  PI3K/Akt/mTOR Signaling 
Pathway

The phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of rapamycin (mTOR) path-
way plays critical role in multiple cellular func-
tions, and is a major regulator of autophagy [52]. 
Upstream of mTOR PI3K/Akt signaling pathway 
could regulate mTOR activity [53]. Scientists 
have found that autophagy is negatively adjusted 
by the activation of mTOR as mTORC1 could 
regulate autophagy under unusual stressful con-
ditions [54]. When dephosphorylated, mTOR 
will be inhibited and then trigger autophagy [55]. 
Besides, the ribosomal protein S6, one substrate 
of mTOR, was also involved in autophagy pro-
cesses (Fig. 5.3).

Liu et al., reported that Akt-TSC2-mTOR sig-
naling pathway played the key role in single- 
walled carbon nanotube-induced autophagy in 
A549 cells. Single-walled carbon nanotube 
impaired phosphorylated Akt, mTOR and its sub-
strate ribosomal protein S6. Using siRNA to 

Fig. 5.3 Molecular mechanisms of autophagy in 
nanoparticles-induced toxicity. (1) PI3K/Akt/mTOR 
signaling pathway; (2) MAPK/ERK signaling pathway; 
(3) Toll-like receptor signaling pathways; (4) Hypoxia- 
inducible factor; (5) Oxidative stress
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knockdown TSC2 could obviously enhance cell 
viability treated by carbon nanotube [11]. Using 
another non-mental nanoparticles in different cell 
model, Duan et al., confirmed that phosphory-
lated PI3K, Akt and mTOR were obviously sup-
pressed in endothelial cells treated by silica 
nanoparticles in a dose-dependent manner [56]. 
For mental nanoparticles-induced autophagy, 
Roy et al., investigated that zinc oxide nanopar-
ticles induced apoptosis by enhancement of 
autophagy via PI3K/Akt/mTOR inhibition. The 
phosphorylated levels of PI3K, Akt, and mTOR 
were significantly decreased during zinc oxide 
nanoparticles exposing on macrophage [57]. 
Apart from mental and non-mental nanoparticles, 
polymers could also induce autophagy via PI3K/
Akt/mTOR signaling pathway: Chiu et al., found 
that Akt/mTOR signaling pathway was involved 
in cationic polystyrene nanospheres-induced 
autophagic cell death in macrophage and lung 
epithelial cells [17]. Meanwhile, Li et al., and 
Wang et al., both confirmed that cationic poly- 
amidoamine dendrimers could inhibit phosphor-
ylation of Akt/mTOR during their-induced 
autophagy in hepatocyte and neuronal cells  
[19, 20].

5.6.2  MAPK/ERK Signaling Pathway

The mitogen-activated protein kinases (MAPKs) 
involving extracellular signaling-regulated kinase 
(ERK), was tightly related to reactive oxygen 
species induction [3]. Previous studies have sug-
gested that ERK activation could contribute to 
autophagic effects and promote cell survival [58, 
59]. Researchers also found that MAPK/ERK 
signaling pathway was involved in nanoparticles- 
induced autophagy during their-induced toxic-
ity (Fig. 5.3).

Park et al., explored the underlying mecha-
nism of iron oxide nanoparticles-induced autoph-
agy in RAW 264.7 macrophage, and found that 
the autophagy related protein increased in a dose- 
dependent manner together with phosphorylated 
ERK [60]. Activated phosphorylated ERK was 
also involved in copper oxide nanoparticle- 

induced cytotoxicity in HaCaT human keratino-
cytes and mouse embryonic fibroblasts [61]. 
Besides, ERK activation also played important 
roles in the radio-sensitivity enhancement of sil-
ver nanoparticles; suppression of ERK could 
reduce autophagy levels triggered by silver 
nanoparticles [62]. Rinna et al., also explored 
effects of silver nanoparticles on mitogen- 
activated protein kinases activation, and con-
firmed the role of reactive oxygen species and 
implication in DNA damage during silver 
nanoparticles-induced toxicity [63].

5.6.3  Toll-Like Receptor Signaling 
Pathways

Chen et al., reported that grapheme oxide 
nanosheets could simultaneously induce autoph-
agy, provoke the toll-like receptor signaling cas-
cades, and trigger ensuing cytokine responses in 
RAW 264.7 macrophage cells. Grapheme oxide 
nanoparticles-induced autophagy was regulated 
by toll-like receptor 4 and toll-like receptor 9, 
suggested that autophagy was partly regulated by 
the toll-like receptors pathway in grapheme oxide 
nanoparticles-treated immune cells [64]. Using 
CT26 colon cancer cell model and mice model, 
they also confirmed that grapheme oxide 
nanoparticles could induce the toll-like receptors 
response and autophagy in cancer cells and 
showed antitumor effects. The grapheme oxide 
nanoparticles-triggered autophagy was regulated 
through the myeloid differentiation primary 
response gene 88- and tumor necrosis factor 
receptor associated factor 6-associated toll-like 
receptor-4/9 signaling pathways [65].

5.6.4  Hypoxia-Inducible Factor-1α

Hypoxia-inducible factor-1 is a heterodimer 
composed of α and β subunits and is the tran-
scription factor, which mediates adaptive 
responses to hypoxia [66]. Hypoxia-inducible 
factor-1 is mainly regulated by oxygen- dependent 
changes and could regulate autophagy and other 

5 The Role of Autophagy in Nanoparticles-Induced Toxicity and Its Related Cellular and Molecular…



80

hypoxia-responses [67]. Lin et al., explored the 
role of hypoxia-inducible factor-1α in zinc oxide 
nanoparticle-induced nephrotoxicity in vitro and 
in vivo, and found that zinc oxide nanoparticles 
could enhance reactive oxygen species genera-
tion, apoptosis, autophagy, and hypoxia- inducible 
factor-1α signaling pathway in HEK-293 human 
embryonic kidney cells and mouse kidney tis-
sues. Hypoxia-inducible factor -1α knockdown 
resulted in significantly decreased levels of 
autophagy and increased cytotoxicity in HEK- 
293 cells [68]. Silver nanoparticles induced reac-
tive oxygen species generation in lung cancer 
cells could also trigger high susceptibility to oxi-
dative stress, whereas pre-exposure to hypoxia 
blocked silver nanoparticles-induced oxidative 
stress. Hypoxia-inducible factor-1α inhibited sil-
ver nanoparticles-induced mitochondria- 
mediated apoptosis by regulating autophagic flux 
through the regulation of ATG5, LC3-II, and p62 
[69].

5.6.5  Oxidative Stress

Reactive oxygen species are highly reactive mol-
ecules containing an oxygen atom, and are mainly 
produced by the mitochondrial and cytoplasmic 
oxidation processes under physiological condi-
tions [70]. Reactive oxygen species could induce 
membrane damage that could influence inner 
proteins, lipid denaturation, and DNA structures 
[71]. An increasing amount of evidence indicated 
that nanoparticles could induce autophagy 
because of their large surface and positive 
charges, which is capable of inducing reactive 
oxygen species, during their-induced toxic-
ity (Fig. 5.4) [72]. Cadmium-based quantum dot 
increased intracellular reactive oxygen species 
levels, affected mitochondrial function and 
induced autophagy, led to subsequent apoptosis 
in mouse renal adenocarcinoma cells. Antioxidant 
agent N-Acetylcysteine, reduced intracellular 
reactive oxygen species levels and impaired 
quantum dots-induced autophagy but enhanced 
cell death. Autophagic inhibitor 3-MA also 
reduced cell viability in quantum dots-treated 
cells, suggested that oxidative stress-induced 

autophagy played a survival mechanism against 
the cytotoxicity of quantum dots [73]. On the 
contrary, Fan and coworkers found that another 
kind of cadmium-based quantum dots CdTe/CdS 
655 could induce autophagic cell death in vitro 
and in vivo. Suppress autophagy could attenuate 
the toxicity induced by cadmium-based quantum 
dots CdTe/CdS 655 [74].

Apart from quantum dots, mental oxide 
nanoparticles could also trigger autophagy via 
reactive oxygen species induction during their- 
induced toxicity. Yu et al., investigated the toxic-
ity of zinc oxide nanoparticles and explored the 
underlying molecular mechanisms in normal skin 
cell model, and found that zinc oxide nanoparti-
cles led to cell death through autophagic vacuole 
accumulation and mitochondria damage in nor-
mal skin cells via reactive oxygen species induc-
tion [14]. Apart from skin cells, acute exposure 
of immune cells to ZnO nanoparticles resulted in 
autophagic death and increased levels of LC3. 
Accordingly, ZnO nanoparticles-mediated upreg-
ulation of LC3 and induction of immune cell 
death were inhibited by blocking autophagy and 
reactive oxygen species production. Release of 
Zn2+ from ZnO nanoparticles triggered excessive 
intracellular reactive oxygen species production, 
and resulted in autophagic death of immune cells 
[15].

Besides, reactive oxygen species were also 
involved in non-mental nanoparticles and 
polymers- induced autophagy during their- 
triggered nanotoxicity. Silica nanoparticles could 
induce autophagy in a dose-dependent manner in 
HepG2 cells. The elevated reactive oxygen spe-
cies level was in line with the increasing of 
autophagy activation, while both the autophagic 
inhibitor (3-MA) and reactive oxygen species 
inhibitor (N-Acetylcysteine) effectively sup-
pressed the autophagy and cell death induced by 
silica nanoparticles [10]. The role of reactive 
oxygen species during silica nanoparticles- 
induced autophagy was also been explored in two 
other cell models: SiO2 nanoparticles induced 
reactive oxygen species -mediated autophagy in 
MRC-5 human lung fibroblast cells as a possible 
mechanism of cell survival [75]. And amorphous 
silica nanoparticles trigger vascular endothelial 
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cell injury through apoptosis and autophagy via 
reactive oxygen species-mediated MAPK/Bcl-2 
and PI3K/Akt/mTOR signaling [76].

Poly-amidoamine dendrimers induced reac-
tive oxygen species and autophagy flux in PC-12 
and SH-SY5Y neuronal cells and glioma cells 
[20]. Interestingly, autophagy might be triggered 

by the formation of reactive oxygen species 
induced by poly-amidoamine dendrimers. 
Suppression of reactive oxygen species could not 
only impair poly-amidoamine  dendrimers- induced 
autophagic effects, but also reduce poly- 
amidoamine dendrimers-induced neuronal cell 
death [77] (Fig. 5.4).

Dispersity Size Charge

Mitochondrial Damage Endoplasmic Reticulum Stress

Autophagy

Cell Death

Nanoparticles

ROS

Surface Chemistry

Fig. 5.4 Crosstalk of physicochemical and biochemi-
cal mechanisms of autophagy in nanoparticles-induced 
toxicity. (1) Physicochemical mechanisms including dis-
persity, size, charge, and surface chemistry of nanoparti-
cles; (2) Nanoparticles triggered reactive oxygen species 

induced mitochondria dysfunction and endoplasmic retic-
ulum stress. (3) Mitochondria dysfunction and endoplas-
mic reticulum stress was involved in nanoparticles-induced 
autophagic cell death
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5.7  Conclusion

As nanoparticles possess unique physical struc-
tures and specific properties, series of nanoparti-
cles have been developed in the past few decades 
for wide industry or medicinal application. 
Because nanoparticles could highly interact with 
cells after they entering into bodies, they may 
cause nanotoxicity and induce body damage, 
which could seriously limit their application. 
Although the underlying mechanisms of nano-
toxicity triggered by nanoparticles have been 
widely investigated, unfortunately, our under-
standing of the role of autophagy and its related 
mechanisms in nanotoxicity is still poor. Thus, it 
is an instant need for researchers to address the 
questions about the role and mechanism of 
autophagy in nanoparticles-induced toxicity. 
While evaluating the mechanisms of autophagy 
in nanoparticles-induced toxicity, the dispersity, 
size, surface charge, and surface modification of 
nanoparticles were expected to present critical 
roles in nanoparticles-triggered autophagy, and 
should be cautiously considered. Besides, the 
research initiatives highlighted in the chapter 
showed cellular and molecular mechanisms of 
autophagy during nanoparticles-induced toxicity, 
including lysosome impairment, mitochondria 
dysfunction, endoplasmic reticulum stress, PI3K/
Akt/mTOR signaling pathway, MAPK/ERK sig-
naling pathway, toll-like receptor pathway, 
Hypoxia-inducible factor, and oxidative stress. 
These mechanisms of autophagy triggered by 
nanoparticles might be help for evaluating nano-
toxicity, and might offer a foundation for deeply 
design safe nanoparticles in the future.
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Nanoparticles-Caused Oxidative 
Imbalance

Mariusz Zuberek and Agnieszka Grzelak

Abstract

Application of nanomaterials in nearly every single branch of industry 
results in their accumulation in both abiotic environment and tissues of 
living organisms. Despite the common use of nanomaterials, we are not 
able to precisely define their toxicity towards humans and surrounding 
biota. Although we were able to determine final effects of chronic expo-
sure to nanoparticles which consist of many pathologies such as respira-
tory diseases, allergies, diseases of cardiovascular system, disorders in 
embryonic life differentiation and growth disorders, toxic effects on the 
immune system and cancers. The most predominantly investigated feature 
of most nanoparticles is their ability to induce oxidative stress on cellular 
level. Imbalance in redox state of cells can lead to various malfunctions in 
their internal metabolism, which in turn can lead to mentioned pathologies 
on the organismal level if the exposure is persistent and spread wide 
enough. Imbalance in redox state translate into production of reactive oxy-
gen species in amounts impossible to be scavenged in given time. Many 
reactive oxygen species play crucial role in physiological processes in 
properly functioning cells. It was proven on numerous occasions that 
abundance of ROS, aside from oxidative damage, can lead to more subtle 
adverse effects tied to disturbances in intra- and intercellular signaling 
pathways. In this chapter we would like to address the nanoparticle- 
induced redox imbalance in cells and its effects.
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6.1  Redox Status - Background

Oxidative stress is a phenomenon concerning 
organisms living in aerobic conditions. It can be 
described as imbalance between removal and 
production of reactive oxygen species. In effect 
of prolonged exposure to redox imbalance, cell 
structures and biomolecules can undergo oxida-
tive damage, resulting in amassing of damaged 
DNA, proteins and lipids, which may result in 
alterations of cellular metabolism and eventually 
cause cell death.

Free oxygen radicals are natural products of 
cellular metabolism and function as signaling 
molecules activating various signaling pathways, 
such as NFκB and AP1 [1]. Term free radical was 
created in 1785 by Louis-Bernard Guyton de 
Morveau and was also used by Antoine Lavosidier 
in 1789 in his Traité Élémentaire de Chimie, 
although not in the current meaning. Modern free 
radical term defines particles with unpaired elec-
tron in valence shell. This kind of chemical entity 
was firstly described by Moses Gomberg in 1900 
and concerned organic radical created during the 
synthesis of tetraphenylmethane [2]. Free radi-
cals most common in biological systems have 
unpaired electron on the oxygen atom.

Primary free radicals produced in cells are 
transformed into reactive oxygen species by low 
molecular weight antioxidants and antioxidant 
enzymes. Free radicals are created locally in cell 
compartments and have no ability to cross intra-
cellular membranes and their damaging effects 
are limited to biomolecules in direct vicinity of 
the radical. Reactive oxygen species created in 
following reactions can diffuse at considerable 
distances in the cytosol and translocate through 
membranes.

The source of oxygen free radicals in cells are 
enzymatic reactions of oxidoreductases i.a. 
NADPH oxidase [3] and active mitochondrial 
electron transport chain [4], which was pointed 
out as organelle producing superoxide radical in 
1966 [5].

Reactive nitrogen species, as well as reactive 
oxygen species play crucial roles in cellular 
metabolism. Nitric oxide is the precursor of cel-
lular reactive nitrogen species and it is generated 

in the course of enzymatic reaction of nitric oxide 
synthase in many types of cells e.g. endothelial 
cells [6], hepatocytes [7] and cells associated 
with immune system [8]. Nitric oxide is a mole-
cule extensively studied due to its signaling role 
[9], resulting in regulation of blood pressure on 
organismal level [10], influencing apoptosis [11] 
and activity of enzymes [12] on cellular level.

Nitric oxide reaction with superoxide anion 
produces peroxynitrite, which is a molecule of 
great reactivity towards DNA, proteins and lip-
ids, which contributes to the damage of cell 
structures [13]. Proteins can undergo various 
modifications in reaction with peroxynitrite, but 
the most characteristic one is formation of 
3-nitrotyrosine [14].

6.2  Redox Balance as Guarantee 
of Properly Functioning 
Signal Transmission

Cells functioning aerobically developed mecha-
nisms enabling them to cope with conditions of 
temporary increased levels of oxygen free radi-
cals and other reactive oxygen species, which 
may be produced under the influence of external 
stimuli such as radiation, xenobiotics and toxins, 
including nanoparticles. The most important reg-
ulating aspects of reactive oxygen species are 
redox sensitive signal cascades activation of 
which leads to increase in antioxidant enzymes 
and glutathione levels. Enzymes closely tied to 
maintaining redox homeostasis are pointed out in 
Fig. 6.1 and they consist of glutathione peroxi-
dase, glutathione reductase, thioredoxins, glu-
taredoxins, superoxide dismutase and catalase. 
These enzymes utilize low molecular weights 
antioxidants: glutathione and NADPH to main-
tain proper redox state in cells. Superoxide dis-
mutase and catalase are responsible for 
detoxification of, respectively, superoxide radical 
and hydrogen peroxide.

Under physiological conditions oxygen free 
radicals and reactive oxygen species are crucial 
for intracellular signal transduction. Many tran-
scription factors have cysteine residue in DNA 
binding sites, which is extremely prone to oxida-
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tion [15]. Exemplary transcription factors whose 
DNA binding is regulated by oxidation of thiols 
are NFκB, AP-1, HIF-1 and p53 [16]. Intranuclear 
level of glutathione is one of the key factors in 
maintaining proper redox state and ensures 
proper gene activation [17]. Oxidative modifica-
tions of proteins resulting from reactions with 
oxygen free radicals are one of the crucial post-
translational modifications of proteins, which 
influence their activity and functions [18].

Direct oxidation of amino acid residues is pos-
sible in reactions with hydroxyl radical and nitric 
oxide. The most frequently oxidized amino acids 
are those containing the thiol group, methionine 
and cysteine. Oxidation of these amino acids can 
lead to alterations in protein conformation and 
result in protein denaturation and fragmentation. 
Mild oxidative stress can promote number of 
cysteine modifications: formation of disulfide 
bonds [19], reversible glutathionylation [20] and 
S-nitrosylation [21]. Mentioned modifications 
are important in the process of regulation of pro-
tein activity, such as Trx, p53, Ras, and Akt. 
Oxidative modification of methionine is crucial 

for calmodulin, a protein involved in calcium 
metabolism [22]. Another mechanism regulating 
protein activity is the formation of nitrotyrosine 
residues. This mechanism mainly refers to 
kinases e.g. JNK, p38, and PKC. It has been 
found that formation of nitrotyrosine inhibits 
their activity [23]. Structure and activity of many 
proteins is stabilized by protein-protein interac-
tions. Examples of proteins whose functionality 
is dependent on this mechanism are ASK1-TRX, 
JNK-GST, p53-JNK, NRF2-Keap1 [24–28].

Particular attention should be paid to the influ-
ence of free radicals on the protein phosphoryla-
tion process, which is considered the key in 
intracellular homeostasis. It can lead to protein 
activation or be a signal for targeted protein deg-
radation [29].

Turnover of proteins is also regulated by redox 
mechanisms. Proteins are degraded by protea-
some and under physiological conditions, ubiqui-
tin and 26S proteasome are responsible for the 
removal of damaged or poorly folded proteins 
[30]. In the occurrence of oxidative stress protea-
some activity might be inhibited [31], due to 

Fig. 6.1 Redox homeostasis. ETC electron transport 
chain, SOD superoxide dismutase, H2O2 hydrogen perox-
ide, GPX glutathione peroxidase, GSSG glutathione disul-
fide, GSH glutathione, GR glutathione reductase, NADP/
NADPH nicotinamide adenine dinucleotide phosphate 
(oxidized and reduced), TRXo/TRXr thioredoxin (oxi-

dized and reduced), GRXo/GRXr glutaredoxin (oxidized 
and reduced), HO. hydroxyl radical, Cat catalase, O2

. - 
superoxide radical, NOX NADPH oxidase, XO xanthine 
oxidase, ONOO− peroxynitrite, NO nitric oxide, Arg argi-
nine, NOS nitric oxide synthase
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inactivation of ubiquitin-activating enzymes and 
26S proteasome, which can lead to amassing of 
damaged proteins and effect in cell death.

6.3  Reactive Oxygen Species 
Generated in Response 
to Nanoparticles

Reactive oxygen species produced as outcome of 
nanoparticles biological activity are studied by 
various methods ranging from detection via fluo-
rescence measurement of oxidized fluorescent 
probes [32–35] to indirect methods such as 
 analysis of expression of gene profiles [36] and 
determination of antioxidant inhibition of 

nanoparticle cytotoxic effects [37]. Summary of 
assessment methods of various parameters defin-
ing NP-induced oxidative stress is given in 
Table 6.1. Prefix nano- refer to any particle of 
diameter of less than a 1 μm, despite the range of 
diameters of each studied metallic nanoparticle 
researchers are consistent in their findings – 
despite the shifts of size from study to study. If 
the properties of metallic nanoparticle allow it to 
generate oxidative stress it will be detectable 
despite the differences in size from study to 
study. Imbalance in redox state of cells after 
exposure to nanoparticles is insensitive to experi-
mental system. Similar effects are observed in 
variety of mammalian cell lines and microorgan-
isms (Table 6.1). Paradigm of oxidative stress 

Table 6.1 Summary of detection methods along with experimental systems utilized in studies upon nanoparticle 
induced oxidative stress, cl stands for cell line

No.
Method of 
detection Detection of Nanoparticle type Experimental system

1 Fluorescence of 
oxidized 
fluorescein 
derivatives

ROS Ag [38, 50], Fe2O3 [51], SiO2 
[51], CuO [51], TiO2[39, 52], 
ZnO[38, 52, 53], CdS [52], 
USPIO [39], Si[39, 40], 
SWCNT [46], NiO [54]

E.coli [38, 50], HEp-2 cl[51, 54], IP14 
cl [52], HK-2 cl [52], HCEC cl [39], 
Hs68 cl [53], HaCaT cl [53], A549 
[53], S. aureus [38], P. aeruginosa 
[38], RL 65 cl [46], MCF-7 cl [54], 
NR8383 [40]

2 Fluorescence of 
oxidized 
CellROX Deep 
Red Reagent

ROS Fe3O4 [43] A549 cl [43], AA8 cl [43]

3 Fluorescence of 
oxidized DHE O2

.
Si [41] RAW264.7[41]

4 Comet assay ROS mediated 
DNA damage

Au [55], USPIO [39], TiO2 
[39], Ag [56]

BALB/c 3T3 cl [55], HCEC cl [39], 
HepG2 cl [56], A549 cl [56], HT29 cl 
[56]

5 Ellman’s test, 
MBB assay

Thiol content Fe2O3[51, 57], Fe3O4 [58] 
SiO2 [51], CuO [51], TiO2

5, 
ZnO [52], CdS [52], NiO 
[54], USPIO [39], PLGA-
PEO [39], silica [39], TiO2 
[39]

HEp-2 cl[51, 54], IP14 cl [52], HK-2 
cl [52], Jb6 P+ cl [57], MCF-7[54], 
CHSE-214 [58], HCEC cl [39]

6 Fluorescence  
of oxidized 
DHR123

Cellular H2O2 Ag [56] HepG2 cl [56], A549 cl [56]

7 Fluorescence  
of oxidized 
MitoSOX RED

Mitochondrial 
O2

.
UFP* [48], NH2-PS RAW 264.7 cl [48]

8 MDA assays 
and related

Lipid 
peroxidation

NiO [54], Au [59], Fe3O4 
[58], Fe2O3 [51], SiO2 [51], 
CuO [51]

HEp-2 cl[54; 51], MCF-7[54], 
CHSE-214 cl [58], MRC-5 cl [59]

Nanoparticle abbreviations in table: USPIO – ultrasmall superparamagnetic iron oxide, UFP* – Ultra Fine Particles 
obtained in the Los Angeles basin through the use of particle concentrator
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mediated cell death after exposure to nanoparti-
cles is ingrained so strong in nanotoxicology that 
many researchers do not assay the oxidative 
stress itself, but make literature- based assump-
tion that cell death in given experimental system 
was induced by it. Extensively studied silver 
nanoparticles were proven to have strong antimi-
crobial activity due to induction of ROS in bacte-
ria, presenting similar biological activity to many 
commonly used antibiotics [38]. This character-
istic is extremely important due to multidrug 
resistance phenomenon rendering many overused 
antibiotics obsolete.

Uncoated metal nanoparticles prone to 
agglomeration exhibit greater prooxidative 
potency than their coated counterparts. 
Nanoparticles such as USPIO (ultrasmall super-
magnetic iron oxide) were proven to exhibit pro-
oxidative properties, which effected in DNA 
damage and cell death, however oleic acid coat-
ing strongly inhibited their biological activity 
[39]. Coating of silica nanoparticles seems cru-
cial in terms of their ability to induce oxidative 
stress, while functionalization with positively 
charged and neutral groups like –NH2 and –N3 
promotes induction of ROS in cells, negatively 
charged –COOH group diminishes the effect to 
non-detectable level [40]. Although charge of the 
coating is only one of the factors in silica 
nanoparticles, as functionalization with amino-
propyltriethoxysilane giving positive charge 
increased or decreased ROS producing potency 
of porous and nonporous silica nanoparticles 
respectively [41]. ROS in cells can be produced 
(aside of mitochondrial electron transport) by 
one-electron reaction of transition metals [42]. 
Coating of iron nanoparticles limited reaction- 
available iron resulting in less ROS production 
and less oxidative damage to cell components.

Nanoparticles of varying sizes are formed 
from iron on different degrees of oxidation, the 
common denominator for mentioned Fe2O3 and 
Fe3O4 [43] is the production of ROS in studied 
experimental systems. All forms of iron (Fe0, 
Fe(II), Fe(III)) utilized in nanoparticles have the 
ability to promote generation of reactive oxygen 
species in aqueous solutions in the course of 
Fenton, Fenton-like, Haber-Weiss and heteroge-
neous redox reactions [44]. Many non-ferrous 

metals were investigated in terms of their cata-
lytic input in Fenton-like reactions at neutral 
pH. Cu(II), Cr(III), Co(II), Mn(II), all present 
catalytic activity, while Cd(II), ZN(II) and Ni(II) 
did not produce any oxidizing species at pH 7 in 
cell free system [45]. Nevertheless nanoaprticles 
composed of zinc, cadmium and nickel are 
reported to induce generation of reactive oxygen 
species in various cellular experimental systems 
(Table 6.1). Those findings suggest that the mech-
anism of induction of ROS in cells consists of 
Fenton-like reactions but is not limited to them. 
Experiments on carbon nanoparticles further 
enhance this concept as single-walled carbon 
nanotubes were proven to increase ROS levels in 
cells and decrease cellular glutathione level [46], 
which are effects common after treatment with 
metal nanoparticles. Reactive oxygen species can 
be generated by nanoparticles in photoelectric 
phenomena in materials where photon absorption 
is accompanied by electron transfer to the con-
duction band. Migrating electrons can form 
superoxide radical in reaction with oxygen and 
hydroxyl radicals in reaction with water [47]; this 
effect would be enhanced in nanomaterials due to 
their high surface to mass ratio. Reactive oxygen 
species generation induced by semiconductors 
like TiO2 is not explicitly confirmed in all studied 
experimental systems involving mammalian 
cells due to adaptation processes or passivation 
of the nanoparticle surface by factors contained 
in culture medium [48]. Metalloid nanoparticles 
in their nature are not prone to produce ROS in 
Fenton chemistry, mechanism of their direct 
induction of ROS was proposed, implicating that 
the cleavage of strained three-membered rings is 
responsible for silica surface ROS production 
[49] (Fig. 6.2).

6.4  ROS Generation in Course 
of Action of Nanoparticles Is 
Strongly Dependent 
on Particle Size

Toxic effect of AgNPs is strictly tied to size of 
the nanoparticle and to its bioavailability. Bulk 
of toxicity related to silver nanoparticles is in 
fact toxicity of ionic Ag. The effect of nanopar-
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ticles can be distinguished from toxicity of 
ionic silver for particles of diameter ≤10 nm, 
suggesting that toxicity of silver nanoparticles 
consists of two independent mechanisms [60]. 
Similar effect was observed in regard to iron 
nanoparticles [44]. Studies of non-metal nanopar-
ticles further enhance this hypothesis, as silica 
particles of ⌀ = 25 nm were shown to induce 
ROS detectable through standard DCF fluores-
cence assay, while those of ⌀ = 50 nm did not 
procure such effect [39]. Similar findings were 
published in regard to gold nanoparticles [61] 
suggesting common denominator for nanopar-
ticles in form of inverse relationship between 
amount of ROS induced and surface area to 
diameter ratio.

The toxicity of nanoparticles is closely tied 
with reactive oxygen species. Aside of direct 
detection of ROS, their follow-up products and 
assessment of ROS-induced damage to cellular 
macromolecules there are many studies provid-
ing an insight in mechanism of nanoparticle 
action by abolition of their biological activity 
with antioxidants [54]. Those findings further 
enhance the thesis of reactive oxygen species 
mediated nanoparticles toxicity. Among many 
mechanisms that would allow nanoparticles to 
play direct role in formation of reactive oxygen 
species there are other, indirect paths for nanopar-
ticles to promote redox imbalance in cells. Those 
consist of nanoparticle-cell interactions influenc-
ing intracellular signal transduction pathways.

Fig. 6.2 Direct biological effects caused by nanoparticle induced oxidative stress and their outcomes on cellular level
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6.5  Reactive Oxygen Species 
Generated by Nanoparticles: 
Influence of Both on Signal 
Transduction Pathways

Many studies indicate interaction between 
nanoparticles and cells in in vitro and in vivo 
research. In vitro studies provide important infor-
mation on the accumulation and toxicity of nano-
materials (e.g. generation of oxidative stress, 
apoptosis, proinflammatory cytokines produc-
tion, protein and nucleic acid damage, lipid per-
oxidation). Although data on many types of 
nanoparticles and cell lines are sometimes con-
tradictory [62, 63], the in-depth analysis allows 
us to draw some general conclusions and allows 
to predict the effect of nanoparticles in in vivo 
systems. Cells in response to nanoparticles 
 biological activity show changes in expression of 
proteins (fibronectin, cadherin, enzymes con-
nected with oxidative homeostasis and inflamma-
tion), disturbances in regulation of cell cycle and 
increase in apoptosis markers level [64–68]. It 
was found that nanoparticles cause various types 
of damage to cells [69–77], increase level of pro-
inflammatory cytokines [64, 78, 79] and reactive 
oxygen species [63, 78, 80, 81], and abnormali-
ties in cell adhesion [66]. However, there are also 
studies reporting absence of any impact of nano-
materials on organ tissues or in vitro cell cultures 
[82, 83]. Nanoparticle toxicity occurs after 
nanoparticles penetrate into cells or organisms. 
There are many research papers where the size of 
nanoparticles is investigated. It has been found, 
inter alia, that it is possible for non-phagocytic 
cells to internalize particles of 500 nm diameter 
[84]. The size of 30–50 nm seems to be optimal 
for nanoparticles to translocate into cells, which 
has been confirmed for many types of nanomate-
rials (e.g., gold NPs, silica NPs, single-walled 
carbon nanotubes, and quantum dots) [85–87]. 
Nanoparticles of diameter less than 100 nm can 
penetrate the cell membrane. Presence of 
nanoparticles of diameter less than 40 nm was 
confirmed in the nucleus, the ability to cross the 
blood/brain barrier was found for 35 nm nanopar-
ticles [88]. Nanoparticles penetrate to higher 
organisms mainly by inhalation or per os. 

Translocation of nanoparticles to cells depends 
on their size, surface charge and magnetic prop-
erties. As nanoparticles vary in diameter from 
several to several hundred nanometers, the way 
in which they enter cells also varies significantly. 
It was found that it is possible for nanoparticles 
to cross cell membrane due to pinocytosis, endo-
cytosis and receptor-mediated endocytosis [89], 
while large nanoparticles may be phagocytosed. 
It is possible to modulate the ability of nanopar-
ticles to enter cells by changing the charge of the 
nanoparticle surface [90].

Studies confirm the contribution of the micro-
tubule network and oxygenases in the uptake and 
intracellular transfer of positively charged 
nanoparticles. It has been found that the uptake 
of this type of nanoparticles is inhibited by 
nocodazole, indomethacin and chlorpromazine 
(recognized endocytosis inhibitors) [90]. The 
intensity of nanoparticle internalization into cells 
is determined mainly through two factors: sur-
face modification and its charge. Unambiguous 
data has been obtained during research on many 
cell lines showing that the surface modification 
of nanoparticles via the carboxyl and amino 
groups allows for better penetration of the 
nanoparticles into cells [91, 92]. Endocytosis of 
positively charged particles is more efficient than 
uncharged or negatively charged particles, which 
is closely tied with the negative charge on cell 
surface [93]. Despite the hindrance of electro-
static force in interactions of negatively charged 
nanoparticles and cell membrane, there are many 
studies confirming their internalization [94–96]. 
This phenomenon is explained by non-specific 
binding and endocytosis of negatively charged 
clusters of nanoparticles mediated by scarce frag-
ments of cationic cell membrane [97]. 
Furthermore, charged nanoaprticles are prone to 
interact with serum proteins and formed corona 
can enhance their internalization [98]. Phagocytic 
cells internalize negatively charged nanoparticles 
preferably in comparison to positively charged 
variants, due to similarity to negatively charged 
bacteria cells [99]. In some studies it is hypothe-
sized that positively charged nanoparticles affect 
cell membrane fluidity, whereas inert nanoparti-
cles cause local gelation of membranes [100, 
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101]. Alterations in local membrane composi-
tions mediated by nanoparticle interactions with 
membrane domains such as rafts and surface pro-
teins are the basis for nanoparticles influence on 
intracellular signal transduction [65, 102].

From the medical science point of view the 
ability to predict the nanoparticle-induced activa-
tion of intracellular transduction pathways is 
extremely significant. Nanoparticles and their 
coatings are tailored to procure effects along spe-
cific intracellular transcription pathways, unfor-
tunately due to the complexity of biological 
systems the outcome can be different than 
intended [103]. There is evidence that many 
types of nanoparticles have the ability to interact 
with cells by activating the signaling pathways 
directly through receptor activation [104]. Apart 
from direct activation, nanoparticles can activate 
signaling pathways through induced ROS.

It has been observed that nanoparticles can 
inflict damage to DNA without any evidence of 
their crossing the barrier tissue itself [72, 105]. 
Unlike cells that were exposed to nanoparticles 
directly, DNA damage caused in cells behind the 
barrier did not cause cell death. That indirect 
damage is associated with the production of ROS 
by the mitochondria, which is the result of opera-
tion of purine nucleotides being secondary relays 
between barrier cells connected with gap junc-
tions [106]. Another example of the action of 
nanomaterials through receptors is induction of 
lung epithelial cell proliferation via activation of 
the epidermal growth factor receptor (EGFR) and 
β1-integrins [107]. Integrins are transmembrane 
proteins that participate in cell adhesion and in 
communication between cells and the extracellu-
lar environment, and are activated by extracellu-
lar ligands and control such processes as 
angiogenesis, differentiation and cell migration 
[108]. Number of studies [109, 110] evidences 
that in human bronchial epithelial cells exposed 
to PM2.5 or diesel exhaust particles ERK is acti-
vated, which in turn leads to expression and 
secretion of the epidermal growth factor – amphi-
regulin creating autocrine loop with EGFR lead-
ing to chronic inflammation. Studies on small 
negatively charged supermagnetic iron oxide 
nanoparticles (snSPIONs) reveled activation of 

ERK in ROS-independent manner [111]. It was 
also observed that cell having Ras mutation, 
which enhances cell proliferation, promotes pro-
liferation more effectively in cells treated with 
snSPIONs, implicating that some nanoaprticles 
can mimic growth factors (Fig. 6.3). It is esti-
mated that 20% of human Ras tumors mutate, it 
is crucial to take into account possible influ-
ence of certain classes of nanoparticles on cancer 
cells proliferation, as Ras is a part of EGFR/ERK 
signaling pathway

AP-1 is one of the transcription factors acti-
vated by metallic nanoparticles [112]. It is 
responsible for regulation of cell proliferation 
and differentiation and it is also implicated in the 
process of apoptosis and carcinogenesis [113]. 
Activation of AP-1 was confirmed for TiO2 
nanoparticles, which were stimulating MAPK 
cascade including extracellular signal-regulated 
protein kinases, p38 kinase and C-Jun N-terminal 
kinase [114].The use of specific kinase inhibitors 
has shown that AP-1 activation is mediated 
through the generation of the hydroxyl radical 
and mediates activation of p38 kinase and the 
ERK pathway.

In many works, the MAPK pathway is identi-
fied as one of the main pathways activated by 
nanoparticles. MAPKs are serine-threonine pro-
tein kinases that are essential for normal cellular 
metabolism with particular focus on cell divi-
sion, differentiation, gene expression and cell 
death. It has been found that silver nanoparticles 
have the ability to activate the MAPK pathway 
[115] and it has been shown how its activation 
translate into nanoparticle toxicity indicating free 
radical mechanism as key in cell death induction 
[116].

Changes in the intracellular redox state are 
also connected with NFκB and Nrf-2 pathways. 
NFκB is crucial in cell proliferation, inflamma-
tion, immune response and apoptosis. The ear-
liest known way of activating this pathway is 
via hydrogen peroxide through the classical 
IKK- dependent pathway. There is evidence of 
expression of genes coding proinflamatory pro-
teins such as TNF-α, IL-8, IL-2 and IL-6 under 
the action of nanoparticles in variety of cell 
lines. Activation of these proinflammatory pro-
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teins is closely tied with activation of the NFκB 
pathway [117]. It has been shown that nanopar-
ticle induced free oxygen radicals and other 
reactive oxygen species activate NFκB in vari-
ety of cell lines, which suggests that this is a 
common phenomenon [52, 118, 119]. The 
Nrf-2 pathway is a well-known pathway for 
cellular response to mild oxidative stress. It is 
indicated as key factor in cell adaptation to oxi-
dative stress as it regulates the expressions of 
proteins involved in antioxidant defense [120]. 
Nanoparticles activate the Nrf-2 pathway in 
human keratinocytes resulting in modulation of 
hemoxygenase I [121], which suggests involve-

ment of Nrf-2 pathway in response to nanopar-
ticle biological activity.

6.6  Summary

Biological and chemical sciences work together 
to create new types of nanomaterials that can be 
the answer to the growing need of medicine and 
industry. Full understanding of the toxicity 
mechanisms of nanoparticles and how they can 
modify the intracellular metabolism of higher 
organisms will improve the application proper-
ties of newly synthesized nanomaterials.

Fig. 6.3 Summary of signaling pathways activated by nanoparticles and nanoparticle – induced ROS
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Toxicity of Metal Oxide 
Nanoparticles

Koyeli Girigoswami

Abstract

In the recent times, nanomaterials are used in many sectors of science, 
medicine and industry, without revealing its toxic effects. Thus, it is in 
urgent need for exploring the toxicity along with the application of such 
useful nanomaterials. Nanomaterials are categorized with a particle size of 
1–100 nm. They have gained increasing attention because of their novel 
properties, including a large specific surface area and high reaction activ-
ity. The various fundamental and practical applications of nanomaterials 
include drug delivery, cell imaging, and cancer therapy. Nanosized semi-
conductors have their versatile applications in different areas such as cata-
lysts, sensors, photoelectronic devices, highly functional and effective 
devices etc. Metal oxides contribute in many areas of chemistry, physics 
and materials science. Mechanism of toxicity of metal oxide nanoparticles 
can occur by different methods like oxidative stress, co-ordination effects, 
non-homeostasis effects, genotoxicity and others. Factors that affect the 
metal oxide nanoparticles were size, dissolution and exposure routes. This 
chapter will explain elaborately the toxicity of metal oxide nano structures 
in living beings and their effect in ecosystem.

Keywords

Metal oxide nanoparticles · Nanoparticle toxicity · Apoptosis · Cell death 
mechanisms · Genotoxicity

7.1  Introduction

Toxicology is an important branch of science that 
deals with toxins and poisons that may be harm-
ful to body. According to the father of  toxicology, 
Paracelsus (1493–1541) “all things are poison 
and nothing is without poison, only the dose 
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 permits something not to be poisonous” [1]. 
Toxicants can be classified based on the mode of 
action and the rate of exposure. Toxic substances 
may be present in food, air, water and soil and 
may lead to death or giving some adverse effects 
[2]. As the field of nanoscience is progressing, 
researchers tend to make nanostructures, 
nanoparticles, nanoarrays which have typical 
characteristics compared to their bulk counter-
part [3–7]. These nanomaterials have a particle 
size usually between 1 and 100 nm, with huge 
surface area to volume ratio thereby exhibiting 
high reactivity and different electronic and opti-
cal properties [8]. The nanomaterials commonly 
have low solubility in water and are prone to 
aggregation. The various applications of nano-
materials include development of biosensors, 
diagnostic kits, biomedical imaging and ther-
anostics, cancer therapy, drug delivery, etc. [9–
11]. Among the most common type of 
nanostructures, metal oxide nanoparticles are 
used profoundly like zinc oxide (ZnO) and tita-
nium dioxide (TiO2) in sunscreens and paints, 
iron oxide in biomedical applications and biore-
mediation of ground water, cerium oxide in die-
sel additives, copper oxide in wood preservatives, 
antimicrobial agents, silicon dioxide in skin care, 
textiles and therapeutics, aluminium oxide for 
polishing and abrasive agents etc. [12]. There is a 
versatile application of metal oxides in chemis-
try, physics and materials science [13–18]. These 

nanoparticles are either directly or indirectly 
released to surface water, ground water, rivers, 
lakes, seas, air and soil. The bioaccumulation of 
these nanoparticles may lead to potential hazards 
in aquatic life, animals, humans and plants. Thus, 
it is warranted to explore the various aspects of 
metal oxide nanoparticle toxicity.

7.1.1  Metal Oxide Nanoparticles

Metal oxides can be found in several geometrical 
structures having electronic structure that enables 
them to have metallic, semiconductor or insulat-
ing character. The band gap of the nanoparticles 
enable them to possess a semiconducting nature. 
The band gap diagram (Fig. 7.1) shows the mech-
anism of its semiconducting nature. The bands 
consisting of orbitals are the characteristics of the 
electronic structure of a semiconductor. These 
energy bands are separated from one another by 
gaps in the energy without any orbital. When 
light falls on the band of minimum energy, it is 
absorbed by the valance band electron (e−) which 
gets excited to the conduction band creating a 
hole in the valance band (h+) [19].

The particle size of the oxide nanoparticles can 
affect three types of basic properties of a material. 
Firstly, the lattice symmetry and cell parameters, 
secondly the electronic properties and third is the 
quantum confinement related to its small size 

Fig. 7.1 Diagram 
showing band gap of a 
semiconducting material
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[20].These properties make them to stay at differ-
ent agglomeration states and their dispersion in 
biological fluids may lead to differential effects. 
Metal oxides can attribute to toxicity mediated by 
several routes like size, dissolution and exposure 
(Fig. 7.2) [21]. The most common exposure routes 
of nanoparticles are by ingestion, dermal expo-
sure or inhalation. We shall discuss the toxicity of 
different nanoparticles in different living system 
in the following sections.

7.1.2  Zinc Oxide (ZnO) 
Nanoparticles

ZnO is one of the most used semiconductor metal 
oxide which exhibits several applications in bulk 
and nanosized form like ultra violet light (UV) 
blocking property, photocatalytic and antibacte-
rial properties [21–23]. ZnO occurs in two crys-
talline forms: wurtzite and zinc blend, wurtzite 
being more stable with a refractive index between 
2.3 and 2.0. The band gap energy for wurtzite and 
zinc blend detected at 77 K is 3.22 eV and 
3.32 eV respectively [24].Due to this band gap 
width, ZnO does not absorb visible light (which 

is scattered and reflected) but absorbs in the 
UV-range, (apart from scattering), specially UVA 
[25]. ZnO at its microsize (0.1–10.0 μm) along 
with TiO2 was used as particulate sunscreen 
ingredients for a long time [26]. Wurtzite ZnO 
particles, coated and uncoated have been used as 
sunblockers to attenuate UV from both reflection 
and scattering of UV radiation and visible light as 
well as from UV absorption. Among the UV 
absorption compound, ZnO has gained more 
interest because of its UVA absorption efficiency 
[25]. As particles become smaller than 100 nm, 
the optical characteristics also alter giving rise to 
transparency of the material and transmitting vis-
ible light. For both ZnO and TiO2, UVB absorp-
tion increased rather than UVA1 on reduced 
particle size making UV protection unbalanced 
[27, 28]. This shift in UV protection region rec-
ommended a balance combination of materials 
that can protect both UVA and UVB light. 
Researchers proved that a balanced UVA/ UVB 
protection was found by a combination of aggre-
gated ZnO particles of 130 nm rather than its pri-
mary particles of 20 nm diameter [28]. Although 
the control of aggregation size was limited, that 
may lead to larger aggregates.

Fig. 7.2 The toxicity mechanisms of metal oxide nanoparticles
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7.1.2.1  Photocatalysis of ZnO
ZnO loses its UV absorption capacity as it is 
phtocatalysed by the visible and UV light, 
thereby making it more suitable to be used in 
paints for destroying organic compounds. 
Generally three steps were involved for the pho-
tocatalytic destruction of organic compounds:

 (i) As the energy of the photon (hν) becomes 
either equal or greater than the semiconduc-
tor band gap (Eg), there is an excitation of an 
electron to the conduction band (CB), 
thereby generating a hole in the valance 
band (VB);

 (ii) The excited electrons are then trapped by 
oxygen and the holes by surface hydroxyl to 
produce hydroxyl radical (•OH), called as 
primary oxidizing species; and

 (iii) Mineralization of the adsorbed organic mat-
ters is done by these hydroxyl radicals.

However, there could be a recombination of the 
photoexited electrons and holes thereby reducing 
the semiconductor photocatalytic activity which 
can be circumvented using noble metals for semi-
conductor modification [29]. To be a potential 
UV protector, the ZnO photocatalysis was not 
desired, as it may lead to production of oxidative 
stress to the skin. To slow down the photocata-
lytic activity and oxidation of ZnO, the nanopar-
ticle was coated with a zinc aluminate layer, 
although the biological acceptability was not 
studied [30].

7.1.2.2  Toxicity of ZnO Nanoparticles
Bare ZnO was generally recognized as safe by 
the International Agency for Research on Cancer 
(IARC), but the size dependent toxicity was 
found in many research studies [31, 32]. ZnO and 
TiO2 nanoparticles (20–30 nm) have been used 
widely in cosmetics, sunscreen and topical skin 
care products. Sunscreens or sun blockers protect 
the skin against harmful ultraviolet (UV) radia-
tion from sunlight. Although the ozone layer 
around earth partially blocks UVB (290–320 nm) 
rays, but the remaining UVB, UVA (UVA-320–
340 nm; and UVA-1, 340–400 nm) reaches our 
skin with sunlight exposure and causes biological 

and metabolic reactions. A thorough investiga-
tion on the capacity of TiO2 and ZnO nanoparti-
cles to penetrate the skin outer layer till the viable 
cells present in the deeper layer of skin was done 
in vitro and in vivo by a large number of investi-
gators [33]. The outcomes of most of these stud-
ies indicated the neither TiO2 nor ZnO 
nanopartticles could reach the viable cells pres-
ent in the dermis. The other routes of administra-
tion of nano ZnO can be oral, intratracheal 
instillation and inhalation which was also used 
by researchers to study acute toxicity. 
Cytotoxicity and genotoxicity of ZnO nanoparti-
cles were often associated with their photo cata-
lytic activity. On photocatalysis of ZnO there 
was a production of superoxide anion radical 
(O2

•-) and hydroxyl radicals (OH•), singlet oxy-
gen, H2O2 etc. and other species contributing to 
oxidative stress [24]. In an attempt to block the 
production of reactive oxygen species (ROS), the 
nanoparticle (NP)- containing sunscreen manu-
facturers have either coated the NPs or added 
some antioxidant compounds to their product. 
The material used for coating included polymers, 
aluminium hydroxide (Al[OH]3), inert oxides of 
silica and vitamins (A, E, C) were added as anti-
oxidants [34]. The removal of Al[OH]3 surface 
layer by any means like swimming pool chlo-
rines, can cause the photo-active TiO2 to react 
with water and form such intermediates which 
can further cause skin damage or cancer [35]. 
One of the reasons of ZnO toxicity, thus, may be 
attributed to the oxidative stress exerted by the 
photocatalysis of ZnO. Aggregation of nanopar-
ticles has also been found to be toxic. TiO2 and 
ZnO nanoparticles can exist in three states: pri-
mary particles (5–20 nm), aggregates (30–
150 nm) and agglomerates (1–100 μm). When 
added in sunscreens the primary particles cluster 
to form aggregates and these aggregates were 
found as the smallest unit present in the sunscreen 
final formulation [36–38]. Agglomeration of ZnO 
nanoparticles may occur because of two reasons.

 1. It had the tendency to produce high surface 
energy which might occur when they were 
dispersed in organic solvents.

 2. Bond formation of Zn-O- [39].
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This phenomenon of aggregation reduced 
their high surface area to volume ratio and subse-
quently reduced the effectiveness. The toxicity of 
ZnO nanoparticles could also be lowered by 
polymer coating as there were many advantages 
that included less expensive in cost, prolonged 
circulation, less hazardous to environment, less 
expensive than conventional coatings, control 
released rates, decreased electrostatic interac-
tions with plasma proteins. The polymeric addi-
tives get adsorbed on the metal oxide surface by 
a combination of chemical and electrostatic inter-
actions, hydrogen bonding and van der Waals 
force [40]. To reduce the toxicity and to prevent 
the aggregation, surface coating of ZnO nanopar-
ticles with two types of polymer-a synthetic 
polymer – polyethylene glycol (PEG) and a natu-
ral polymer (chitosan) was done and zebrafish 
embryo model studies showed chitosan coating 
to be more biocompatible and efficient in UV 
light scavenging [41].

Many nanoparticles created toxicity both in 
zebrafish and embryos [42–44]. Toxicity caused 
by the nanoparticles was dependent on their con-
centration and the time of exposure. Higher con-
centrations caused body deformations in 30–100% 
of adults and embryos. Some studies revealed that 
ZnO nanoparticles created tail malfunction and 
delayed hatching of zebrafish embryos [45]. The 
bioaccumulation of ZnO nanoparticles were 
observed in the gill, liver, intestine and brain of 
the fish. The toxicity was attributed to the increase 
in the ROS generation and occurrence of oxida-
tive stress. Researchers showed that the exposure 
of ZnO nanoparticles caused some neuro and 
behavioural changes in the adult fish [46]. Growth 
rate of marine chlorophyte Dunaliella tertiolecta 
was also altered after exposure to ZnO nanoparti-
cles [47]. In the liver of rats exposed to different 
doses of ZnO nanoparticles, hepatocyte swelling 
was observed along with significant increase in 
plasma AST, ALP and ALT at a dose of 5 mg/kg 
body weight [48]. Many in vitro studies have 
shown the toxic effects of ZnO nanoparticles 
caused due to ROS production, oxidative stress, 
apoptotic induction, inflammatory responses etc. 
In addition to these adverse effects, ZnO nanopar-
ticles can also induce some positive effects like 

anti- inflammatory, anti-diabetic, and pro-coagu-
lant effects at low doses may be due to the low 
concentration of Zn+2 ions required for cell 
homeostasis [49].

The above studies indicated a potential hazard 
of ZnO nanoparticles depending on its size and 
mode of exposure. Another nanoparticle, TiO2 is 
profoundly used with nano ZnO in cosmetic 
products like sunscreens. We shall discuss in 
elaborate the possible toxicity routes of nano 
TiO2 in the next section.

7.1.3  Titanium Dioxide (TiO2) 
Nanoparticle Toxicity

Naturally occurring TiO2 exists in three crystal-
line structures: rutile, brokite and anatase. The 
most stable and commonly used form is rutile 
which is birefringent and has refractive indices in 
UV and visible wavelength. The most common 
form of this pigment is the rutile form and its 
refractive index is in the UV and visible range 
making this birefringent crystal optically impor-
tant. Rutile polycrystalline and epitaxial films 
has an average refractive index (n) of 4.0 and 
anatase films have 3.6. The band gap energy is 
found to be ~3.03 eV and ~3.2 eV for rutile bulk 
and anatase bulk TiO2 respectively [50].

Researchers have primarily seen the effect of 
TiO2 nanoparticles (nTiO2) in vitro for different 
cell lines. NRF2 and BRCA1 gene expression 
studies after exposure to nTiO2 in A549 alveolar 
carcinoma and BEAS-2B normal bronchial lung 
cell lines showed that it causes genotoxicity by 
inhibiting the DNA repair pathway [51]. The 
viability of Sertoli cells from male germ cells is 
reduced and morphology changed upon exposure 
to nTiO2. nTiO2 exposure also induced the 
expression of different immune mediator and 
cytokines [52]. CeO2 and TiO2 nanoparticles and 
microparticles were exposed to primary cultures 
of rat cortex and did not show any toxicity at the 
doses used (≤50 μg/ml) but exhibited changed in 
spontaneous or GABA receptor mediated activity 
[53]. nTiO2 and TiO2 nanoparticles immobilized 
on nanokaolin (clay) were exposed to HepG2 
cells in the presence and absence of serum and 
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toxicity was evaluated. DNA damage was 
observed in short term exposure without serum 
and long term exposure with serum in these cells 
indicating nanokaolin to be unsuitable for immo-
bilizing nTiO2 [54]. These results indicated that 
TiO2 can cause genotoxicity in normal and can-
cer cells, can affect the morphology of male germ 
cells, can alter neuronal responses as well as 
immobilization genotoxicity was observed. TiO2 
is widely used in dentistry as whitening agent, 
but its toxicity is not explored very extensively. 
Human gingival fibroblasts (HGFs) were exposed 
to white mineral trioxide aggregate (WMTA) and 
nTiO2 showed decreased cell viability upon incu-
bation from 24 to 48 h [55]. Dental fillings or car-
ries treatment is a prolonged process and the use 
of TiO2 nanoparticles for treatment is to be con-
sidered with time of exposure. The incorporation 
of TiO2 nanoparticles in our body may induce 
certain immune responses which may lead to 
some other health problems. Fibrinogen (FG) is a 
protein in our body that responds to foreign body 
reactions. The effect of FG on toxicity of nTiO2, 
carbon and SiO2 were studied on alveolar macro-
phages reporting increase in cytotoxicity and NO 
production [56]. TiO2 is widely used in cosmetic 
products and its toxicity on keratinocytes (HaCaT 
cells) were exploited showing increase in apopto-
sis via caspase 8/Fas dependent pathway for TiO2 
nanoparticles. Although the smaller sized 
nanoparticles of TiO2 did not exhibit any harmful 
effect on these cells [57]. Rutile and anatase 
nTiO2 had differential effect on HaCaT cells 
before and after UVA light exposure. Before 
exposure to UVA light, rutile nTiO2 inhibited 
cellular growth and caused HO-1 gene expres-
sion which was attributed to its hydrophobic 
nature. Although the inhibitory effect of rutile 
nTiO2 was not observed after exposure to UVA 
light and phototoxic effect of anatse nTiO2 was 
explained to be due to internalization of the par-
ticles [58]. TiO2 nanoparticles can thus exert dif-
ferent effect in the presence and absence of non 
ionizing radiation like UVA light. The effect of 
ionizing radiation like X rays were studied in 
pancreatic cancer cell model after exposure to 
titanium peroxide nanoparticles (TiOXNPs) and 
polyacrylic acid-modified TiOxNPs (PAA- 

TiOxNPs). The combination of X- rays with 
nTiO2 and PAA-TiOxNPs produced ROS in a 
dose dependent manner, whereas, only nTiO2 did 
not produce ROS in pancreatic cancer model 
(MIAPaCa-2 cells) [59]. The exposure to 
nanoparticles causes inflammation of endothelial 
cells leading to atherosclerosis. Two cell lines – 
human aorta (HAECs) and human umbilical vein 
(HUVECs), were exposed to cobalt (CoNPs) and 
TiO2 nanoparticles (TiNPs) showing rapid inter-
nalization, increased mRNA and protein levels of 
adhesion molecules (ICAM-1, VCAM-1, 
E-selectin), monocyte chemoattractant protein-1 
(MCP-1) and interleukin 8 (IL-8). Although TiO2 
did not induce any oxidative stress but CoNPs 
induced ROS generation [60].

TiO2 nanoparticles get washed off from sur-
faces and get mixed directly with surface water, 
lakes, rivers and sea. Thus the aquatic life has a 
higher risk of exposure to TiO2 nanoparticles. A 
fish cell line (BF-2) and zebrafish embryos were 
exposed to silver (Ag) and titanium dioxide 
(TiO2) nanoparticles under mimicking condition 
of sunlight exposure (Simulated Solar Light 
(SSL) exposure). The results of this study indi-
cated that solar light can cause physicochemical 
changes in both the nanoparticles which can fur-
ther enhance their toxic potential [61]. There 
were several reports on the effect of TiO2 
nanoparticles alone or along with other nanopar-
ticles on aquatic models which is summarised in 
Table 7.1.

The studies on the aquatic animals upon nTiO2 
exposure did not give any conclusive remarks 
about its safety, but their up-regulation of damag-
ing effect along with other pollutants is estab-
lished. The studies for nTiO2 were further 
extrapolated to higher animals like rat or mouse 
model to better understand the phenomena in a 
mammalian animal model. Rat liver cells 
(BRL-3A) and Sprague–Dawley (SD) rat livers 
were exposed to H2O2 to induce oxidative stress 
and further exposed to nTiO2 to observe the effect 
on the stress condition. There was a synergistic 
increment in the oxidative stress in both in vivo 
and in vitro upon exposure to nTiO2, indicating a 
critical screening of oxidative stress in the indi-
vidual is warranted before using nTiO2 in tooth-

K. Girigoswami



105

Table 7.1 Reports on toxicity studies of TiO2 nanoparticles in aquatic animals

S. No.
Nanoparticles 
used Aquatic animal used for study Gross effect Reference

1. TiO2 
nanoparticles

Rainbow trout fish 
(Oncorhynchus mykiss)

Oral administration of TiO2 at 10 and 
100 mg/kg body weight. No change in 
WBC, RBC counts, hematocrit value, 
hemoglobin, plasma Na+. Accumulation 
of Ti was seen in gill, gut, liver, brain 
and spleen. Brain did not clear Ti and 
exhibited disturbances in Cu and Zn 
levels

Ramsden 
et al. [62]

2. TiO2 and CuO Carp (Cyprinus carpio) Exposure to a mixture of TiO2 and CuO 
nanoparticles induced similar 
histopathological anomalies compared to 
individual nanoparticle exposure. But the 
injury to gills, intestine, liver and kidney 
was higher after exposure to TiO2 and 
CuO nanoparticle mixture compared to 
individual nanoparticle exposure

Mansouri 
et al. [63]

3. TiO2 
nanoparticles

Rainbow trout fish 
(Oncorhynchus mykiss)

No major disturbances in haematological 
values, but intestinal lining injury and 
brain injury related to oxidative stress 
was reported

Federici 
et al. [64]

4. TiO2 
nanoparticles

Zebrafish (Danio rerio) Exposure to nano TiO2 did not affect the 
whole body electrolyte levels but 
reproduction was affected leading to 
production of non viable eggs

Ramsden 
et al. [65]

5. Chromium 
Cr(VI), TiO2 
and Al2O3

Freshwater micro algae, 
Scenedesmus obliquus

The toxicity of Cr(VI) decreased upon 
nano TiO2 addition but unaffected upon 
nano Al2O3 addition. There was oxidative 
stress induced toxicity

Dalai 
et al. [66]

6. TiO2 Fish cell lines (RTG-2, 
PLHC-1, RTH-149, RTL-W1) 
and rainbow trout primary 
hepatocytes)

Negligible effect of TiO2 nanoparticles 
were observed in these cell lines. No 
significant effect on mitochondrial 
metabolic activity, lysosome function 
and plasma membrane integrity was 
observed

Bermejo- 
Nogales 
et al. [67]

7. TiO2 and TiCl4 Microalgae 
(Phaeodactylumtricornutum) 
and crustacean (Artemia 
franciscana)

nTiO2 is more harmful to the microalgae 
whereas TiCl4 exhibited higher toxicity 
to the crustacean. The dark conditions 
lowered the toxicity of nTiO2, but 
starvation increased the toxicity of both 
nanoparticles

Minetto 
et al. [68]

8. TiO2 Zebrafish (Danio rerio) larvae BDE-209 (a polybrominated diphenyl 
ether congener) bioconcentration, its 
metabolism and effect on thyroid 
function in the presence of nano TiO2 
was minotored in zebrafish larvae. Nano 
TiO2 increased the BDE-209 
bioavailability and metabolism, 
decreased locomotive activity, upregulated 
genes like tshβ, tg, dio, indicating a 
disruption in endocrine function and 
developmental neurotoxicity

Wang 
et al. [69]

(continued)

7 Toxicity of Metal Oxide Nanoparticles



106

pastes, cosmetics and potential treatment of 
diseases [75]. Intraperitonial injection of anatase 
nTiO2 in mice resulted in heavy accumulation of 
nTiO2 in lungs and liver tissues, impaired DNA 
and interrupted metabolic homeostasis in liver 
tissue. Lung tissues were observed to have oxida-
tive stress and inflammatory responses suggest-
ing the adverse effect of nTiO2 [76]. The oral 
administration of nTiO2 in mouse model also dis-
rupted the liver metabolic function causing hepa-
totoxicity [77]. Although in some studies it has 
been found that hairless mouse exposed to sun-
screen containing nTiO2 and nZnO in the pres-
ence and absence of UV radiation, did not show 
any apparent toxicity even after long term expo-
sure [78]. The impact on seminal vesicles, thy-
roid gland and androgen receptor after exposure 
to nTiO2 in rats demonstrated abnormal develop-
ment of seminal vesicles which was further 
reduced by administration of aged garlic extract 

[79]. A role of thymoquinone and avenanthrami-
des in protection of nTiO2 induced toxicity in 
Sprague-Dawley rats was reported through their 
antioxidative and anti-inflammatory effect [80]. 
Therefore, it can be summarized that some stud-
ies have shown the effect of nTiO2 to be deleteri-
ous but there are also some natural products that 
can partially nullify such effect.

7.1.4  Iron Oxide Nanoparticle 
Toxicity

Superparamagnetic iron oxide nanoparticles 
(SPIONS) consists of (maghemite) γ-Fe2O3 and 
magnetite (Fe3O4) which are considered to be 
biocompatible, non toxic, biodegradable with a 
variety of biomedical applications like targeted 
drug delivery, tumor imaging, contrast agents in 
magnetic resonance imaging (MRI) etc. [81]. 

Table 7.1 (continued)

S. No.
Nanoparticles 
used Aquatic animal used for study Gross effect Reference

9. nTiO2; (fresh, 
or aged) and 
bulk TiO2

Marine mussels (Mytilus 
galloprovincialis)

Higher accumulation of Ti in digestive 
tissue compared to gills with bulk TiO2 
to be more toxic. Metallothionein gene 
expression, histology and histochemical 
studies, comet assay for DNA damage 
also supported bulk TiO2 to be more 
toxic

D’Agata 
et al. [70]

10. nZnO, nTiO2 
and nAl2O3

Zebrafish embryo and larva 
(Danio rerio)

nZnO and bulk ZnO exposure showed 
developmental delay in larva whereas 
TiO2 and Al2O3 did not exhibit any 
developmental toxicity

Zhu et al. 
[71]

11. nTiO2 Zebrafish (Danio rerio) 
embryos or larvae

The toxicity of nTiO2 was compared with 
pentachlorophenol (PCP). Only nTiO2 
did not show oxidative stress, DNA 
damage or lipid peroxidation whereas 
along with PCP, nTiO2 caused lipid 
peroxidation, DNA damage and ROS 
generation. Thus, nTiO2 upregulated the 
deleterious effect of organic pollutants

Zhu et al. 
[72]

12. Mn, Fe, Ni, and 
Cu doped TiO2 
nanoparticles

Zebrafish embryos Fe-TiO2 NPs showed highest toxicity 
along with high photocatalytic activity. 
Mn-TiO2 NPs exhibited lowest toxic 
effect with improvement in 
photocatalytic activity

Park et al. 
[73]

13. nTiO2 and 
bisphenol A 
(BPA)

Zebrafish embryos Decreased survival, increased 
morphological abnormalities, and 
delayed embryo hatching were observed 
upon co-exposure to nTiO2 and BPA

Yan et al. 
[74]
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The magnetic moments of the SPIONS change 
with the interaction with different biomolecules 
resulting in decrease in its size. The biological 
effect of the SPIONS although depends on size, 
shape concentration and mode of incorporation 
of these particles [82]. The toxicity of SPIONS, 
in vitro and in vivo, has been extensively studied 
and reviewed [83–85]. In some cases it has been 
found to be mutagenic [86], or exhibited long 
term exposure effects [87] and in some studies it 
is additionally found to induce genotoxicity, 
developmental toxicity and neurotoxicity [88]. 
The redox state of ultrafine SPIONS altered the 
cellular uptake and induced DNA damage in 
human lymphoblastoid cell line (MCL-5) [89]. 
The imaging applications of SPIONS are more 
related to human brain and nervous system and 
researchers have exploited the in vitro effect in 
many neuronal cells. The uptake and metabolism 
of SPIONS have been studied in cultured brain 
cells in serum starved and serum containing 
media. The localized deposition of nanoparticles 
was seen but the toxicity was only exerted in 
microglial cells but not in astrocytes, oligoden-
droglial cells and neurons [90]. Retinoic acid 
induced neuronal differentiation of mouse 
embryonic stem cells was reduced with reduced 
viability due to induction of ROS mediated oxi-
dative stress [91]. Human neuroblastoma 
SHSY5Y and glioblastoma A172 cells were 
exposed to different concentrations of silica and 
oleic acid coated SPIONS in serum free and nor-
mal serum containing medium. Significant 
decrease in cell viability was observed with silica 
coated SPION to be more toxic [92]. Studies on 
acute toxicity of iron oxide nanoparticles in 
human and murine neuroblastoma cell line, neu-
ral progenitor cell line and neural stem cells 
revealed cell type and species specific response 
in ROS generation calcium homeostasis, mito-
chondrial integrity and cell morphology, indicat-
ing that cellular homeostasis was impaired in 
distinct ways [93]. Short term and long term 
exposure of human CNS cells astrocytes (D384) 
and neurons (SH-SY5Y) to magnetite nanoparti-
cles caused susceptibility of the astrocytes to low 
and high doses of iron oxide nanoparticles 
(IONPs) whereas neurons did not show any 

effect. Ion overload in cells can trigger adverse 
effects in brain thereby compromising the CNS 
function [94]. These studies focus on the safety 
concerns regarding the use of SPIONS in differ-
ent biomedical applications. The long term effect 
that these nanoparticle can cause if not cleared 
from the body can become a major concern on its 
use. Although many surface functionalizations 
are being made to make it safe to be used in 
humans, but the conjugations of such coatings 
after incorporation into the system is needed to 
be studied.

Breast cancer cell lines are also used for study-
ing the toxicity of IONPs. Human breast cancer 
cell line MCF 7 undergoes oxidative stress, DNA 
damage and caspase dependent apoptosis after 
exposure to IONPs [95]. Dimercaptosuccinic 
acid-coated superparamagnetic iron oxide 
nanoparticles did not show any effect on cell 
morphology, cytoskeleton organization, cell 
cycle distribution, ROS generation and cell via-
bility in MCF 7 compared to untreated cells 
showing a safe mode of drug delivery to breast 
cancer cells [96]. Human cell lines for leukaemia 
(Jurkat cells), breast cancer (MCF-7 cells), cervi-
cal cancer (HeLa cells), and liver cancer (HepG2 
cells) were treated with IONPs green synthesized 
using brown seaweed (Sargassum muticum) 
aqueous extract. Flow cytometry analysis and 
gene expression for caspase 3 and caspase 9 con-
cluded the increase in early and late apoptosis 
indicating a cytotoxic effect in cancer cell lines 
[97]. Coating IONPs with PEG decreased the cel-
lular uptake and hence decreased cytotoxicity in 
Chinese Hamster ovaries (CHO-K1 cells) [98]. 
HepG2 cells also showed oxidative stress induced 
toxicity after exposure to IONPs [99]. Although 
the primary concern, after IONPs exposure, 
should be the blood as it serves as a common 
platform for any nanoparticle incorporation into 
the body. Reports exists that the magnetite 
nanoparticles exert cytotoxicity (MTT and LDH 
assay), genotoxicity (micronuclei formation and 
sister chromatid exchange assay) and oxidative 
damage in human whole blood cells [100]. 
Secondary concern is our immune system which 
may be compromised after long term exposure or 
secondary effect of iron stress in the cells. 
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Macrophage cells were used by researchers to 
assess the activity of IONPs on cell viability. 
SPIONS coated with dimercaptosuccinic acid, 
aminopropyl silane or aminodextran were added 
to murine primary IL-4-activated bone marrow- 
derived macrophages and human M2-like differ-
entiated THP-1 cells. There was internalization 
of the SPIONS and no significant effect on cell 
survival, but generation of ROS was observed 
along with activation of extracellular signal regu-
lated kinase and AKT pathways. The iron metab-
olism of M2 macrophages were switched to 
iron-replete state [101]. The contribution of 
SPIONS towards cellular toxicity also depends 
on the shape of the nanoparticles. Micro-sized 
Fe2O3 (MFe2O3), nano-sized Fe2O3 (N-Fe2O3), 
and rod-shaped Fe2O3 (R-Fe2O3) induced differ-
ential toxicity in mouse macrophage cells (RAW 
264.7). LDH assay, tumour necrosis factor-α pro-
duction and ROS generation revealed that rod 
shaped was more toxic than sphere shaped IONPs 
[102]. The sensitivity of H9c2 cardiomyocyte 
cells embedded in acrolein along with IONPs 
was increased causing acrolyn induced dysfunc-
tion [103]. Exposure of IONPs in skin epithelial 
A431 and lung epithelial A549 cell line induced 
ROS generation and genotoxicity. Caspase 3 and 
caspase 9 levels were elevated at the mRNA level 
as well as protein level [104]. In some cases, 
SPIONS were also found to be non toxic to mouse 
embryonic stem cells (mESCs) with respect to 
growth, morphology, viability, proliferation and 
differentiation [105]. IONPS are also functional-
ized with VEGF for targeting the choroid layer of 
the eyes to yield a safe drug delivery carrier 
[106].

Another application of IONPs is for remedia-
tion of groundwater [107]. Removal of heavy 
metals using IONPs and functionalised IONPs 
has made the aquatic animals to be exposed to 
IONPs. Studies involving exposure of zebrafish 
embryos to greater than 10 mg/L caused develop-
mental toxicity through mortality, malformation 
and delayed hatching of the embryos [108]. A 
short term exposure (72 h) of zebrafish embryos 
to polyacrylic coated IONPs, nTiO2, nZnO and 
nCeO2 at different doses neither showed any tox-
icity nor much free metal ions were present in the 

growth medium. Only nCeO2 could traverse the 
chorion showing the protective role of function-
alized nanoparticles [109]. The exposure to 
aquatic animals to IONPs can also affect the lake 
fishes which are used for human consumption. 
Labeo rohita is a very common kind of carp fish 
which is widely cultured in lakes and ponds in 
India and used for human consumption. 
Researchers have focused on the toxicity of 
IONPs to Labeo rohita for a long term (25 days) 
showing a significant increase in haemoglobin, 
RBC count and hematocrit value. Gill Na+/K+-
ATPase activity, WBC count increased and there 
were evidences of hyponatremia (Na+), hypo-
chloremia (Cl−) and hypokalemia (K+) [110]. 
Although a short term exposure (96 h) showed 
decrease in Haemoglobin, hematocrit, sodium, 
potassium, chloride and gill Na+/K+- ATPase val-
ues [111]. The physiological parameters of Labeo 
rohita also changed after exposure to sublethal 
doses of IONPs exhibiting bottom resting, move-
ments in jerks and surface respiration [112]. 
Mussels (Mytilus galloprovincialis) after expo-
sure to IONPs and zeolite incorporated IONPs 
developed toxicity through ROS production, 
ubiquitin conjugation, DNA damage, protein car-
bonylation, and lipid peroxidation [113]. Thus, it 
is in urgent need to investigate the consumability 
of L. rohita and other aqueous animals by 
humans.

The potential application of IONPs in bio-
medical field may threaten the human health as 
evidenced from the in vitro studies. Some of the 
studies have explained the toxicity of IONPs, 
whereas no effect was found in some cell lines 
after exposure to IONPs. It becomes important to 
extrapolate the toxicity studies of IONPs towards 
in vivo models. The studies on the effect of 
IONPs on different types of rat and mouse mod-
els are listed in Table 7.2

The studies in vivo with IONPs in mice and 
rat models could conclude that the dose of admin-
istration plays a critical role in inducing different 
types of toxicity irrespective of mode of adminis-
tration. Fictionalization of IONPs either by coat-
ing with a polymer, doping or encapsulation may 
exert a safer option for the use of IONPs in medi-
cal application.
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Table 7.2 Reports on toxicity studies of IONPs in rat and mouse models

S. No. Nanoparticles used
Animal model used 
for study Gross effect Reference

1. IONPs Rats Long term chronic exposure caused 
increase in lipid peroxidation, reduction 
in reduced glutathione levels in liver, 
kidney and brain in a dose dependent 
manner. Accumulation of IONPs in 
organs was also observed

Reddy 
et al. [114]

2. IONPs Male mice Decrease in food intake, water 
consumption, and iron content elevation 
in urine, faeces, seminal vesicle and 
prostate gland. Increase in LDH, total 
protein and fructose level. Heat shock 
proteins HSP60, HSP70, HSP90, 
Caltrin, PSP94, and SSLP1 expression 
also altered

Sundarraj 
et al. [115]

3. IONPs Male mice Alanine aminotransfere (ALT), aspartate 
aminotransferase (AST) and alkaline 
phosphatase (ALP)] levels were elevated 
and liver tissues were damaged after 
administration of high dose of IONPs

Babadi 
et al. [116]

4. IONPs Wistar rats 
(Female)

Inhibition of acetylcholinesterase in red 
blood cells and brain cells and inhibition 
of Na+-K+, Mg2+, and Ca2+-ATPase 
activities in brain were found at acute 
doses

Kumari 
et al. [117]

5. IONPs, positively-charged 
polyethyleneimine-Fe2O3- 
NPs (PEI-NPs), or 
negatively-charged 
poly(acrylic acid)-Fe2O3- 
NPs (PAA-NPs)

Pregnant female 
mice

At low doses there was no toxic effect 
on the development of the foetus. High 
dose exposure induced foetal mortality, 
charge based toxicity of the uterine 
lining, testes of the developing offspring 
revealing PEI-NPs to be more toxic

Di Bona 
et al. [118]

6. IONPs BALB/c mice At higher doses liver tissues were 
damaged (150 and 300 μg/gr body 
weight)

Parivar 
et al. [119]

7. IONPs Mice Repeated intraperitonial injection of 
IONPs could enable the particles to 
cross the blood testis barrier. In 
testicular cells, they caused increased 
ROS generation, lipid peroxidation, 
protein carbonylation, nitric oxide and 
decreased the antioxidant levels. Bax, 
caspase 3 expression elevation 
confirmed apoptosis affecting male 
fertility

Sunderraj 
et al. [120]

8. IONPs Wistar rats Intravenous injections of IONPs once a 
week for 28 days caused alterations in 
haematological factors, inhibition of 
antioxidant enzymes, lipid peroxidation 
increased but no genotoxicity induced as 
assessed by comet assay

Gaharwar 
and 
Paulraj 
[121]

(continued)
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7.1.5  Copper Oxide Nanoparticle 
(CuO and Cu2O) Toxicity

Copper oxide nanoparticles (CuO NPs) have 
many potential physical properties like electron 
correlation effects, electron spin dynamics and 
high temperature superconductivity. CuO NPs 
are semiconductor in nature with monoclinic 
structure and have photovoltaic and photocon-
ductive properties due to its narrow band gap. It 
could enhance the viscosity of fluids, increased 
thermal conductivity thereby enabled them as 
improved energy saving material for energy con-
version. The industrial applications of CuO NPs 
include batteries, high temperature superconduc-
tors, catalysis, gas sensors, field emission emit-
ters, solar energy converters etc. [125]. Biological 
applications of CuO NPs are antimicrobial agents 
for preservation of wood, antimicrobial textiles, 
antifouling paints, agricultural biocides etc. The 
high surface area and nanoscle size of CuO NPs 
gets attached to the negatively charged cell wall 
of the microorganisms and get internalized 
thereby eliciting various damaging effects after 
interaction with DNA, membranes of other 
organelles etc. [126]. The indiscriminate use of 
CuO NPs may possess potential health concerns 
to humans, animals as well as aquatic biota. It 

becomes essential to exploit the toxicity of CuO 
NPs in different living systems.

CuO NPs induced ROS in HepG2 cells which 
was reversed by use of N acetyl cyteine (NAC) 
[127]. Air liquid interface exposure of CuO NPs 
to human bronchial epithelial cells (HBEC) and 
lung adenocarcinoma cells (A549 cells) decreased 
the cell viability, increased LDH leakage and 
ROS generation and increased IL-8 expression in 
a dose dependent manner. The effect was more 
pronounced in A549 cells and could be reverted 
by the use of antioxidants [128, 129]. In silico the 
toxicity of CuO NPs was estimated using untar-
geted metabolomics profiling tool [130]. There 
were several studies on CuO NP toxicity exerted 
on neuronal cell lines as it was projected earlier 
that deposition of Cu+2 in brain cells may enhance 
amyloid plaque formation associated with 
Alzheimer’s disease. In vitro it has been observed 
that amyloid beta 42 (Aβ 42) can cause aggrega-
tion of amyloids in the presence of metal ions 
like copper, zinc and iron when incubated alone 
or co-incubated with each other [131]. 
Dimercaptosuccinic acid and bovine serum albu-
min coated CuO NPs exposure to C6 glial cells 
reduced the cell viability but the effect could be 
improved by the used of copper chelators ensur-
ing the role of free copper ions that escaped from 

Table 7.2 (continued)

S. No. Nanoparticles used
Animal model used 
for study Gross effect Reference

9. IONPs Wistar rats Oral administration of IONPs for 
28 days did not cause any effect at low 
and medium doses. At high doses IONPs 
caused decrease in Na+, K+, Ca+2- 
ATPases and Mg+2 in brain. Dilated 
central vein, liver damage and kidney 
damage. No moratality was observed

Kumari 
et al. [117, 
122]

10. IONPs Wistar rats Intratracheal instillation of IONPs did 
not induce any toxicity except 
development of pulmonary fibrosis in 
later stage

Szalay 
et al. [123]

11. PVA coated SPIONs naïve Toll-like 
receptor-4 
deficient 
(TLR4−/−) or 
wild-type C57Bl/6 
mice, or C57Bl/6 
mice with induced 
arthritis

Intravenous injection of PVA coated 
SPIONs induced synovial inflammation 
in joints and genes responsible 
pro-inflammatory response increased in 
liver during the initial period of 
injections. No detrimental effect was 
found after 14 days of injection

Vermeij 
et al. [124]
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coating towards toxicity [132]. The primary 
astrocytes isolated from rats were exposed to 
CuO NPs and showed significant copper accu-
mulation in the cells, reduced viability at higher 
doses and altered the glycolytic flux, synthesis of 
glutathione and metallothioneins [133]. These 
studied can conclude that CuO NPs can be 
exposed to cells but the dose of exposure plays a 
pivotal role in induced toxicity. Proper encapsu-
lation of CuO NPs with minimum release of Cu+2 
ions can become a safe option to be used.

The safety of aquatic animals is also to be 
regarded, because the consumption of fishes and 
other aquatic animals by humans may cause bio-
accumulation and biomagnification of the 
nanoparticles in humans and other animals. 
Macrophytic algae cells of Nitellopsis obtuse, 
microphytic algae Chlorella, shrimp 
Thamnocephalus platyurus, and rotifer 
Brachionus calyciflorus were exposed to soni-
cated and non sonicated CuO NPs and exhibited 
lethality due to accumulation of CuO not due to 
Cu+2 ions released in water. There was delayed 
membrane depolarization and the thick charo-
phyte cell wall was also affected in N. obtuse 
[134]. The feeding behavior and growth pattern 
of the shredder of Allogamus ligonifer 
(Trichoptera, Limnephilidae) was influenced due 
to accumulation of Cu+2 ions produced by the 
leaching effect after exposure to CuO NPs [135]. 
Artificial freshwater (AFW) and natural water 
was used to study the toxicity of CuO NPs and 
ZnO NPs in crustaceans Daphnia magna and 
Thamnocephalus platyurus and protozoan 
Tetrahymena thermophila. AFW showed higher 
toxicity for the crustaceans for both CuO NPs 
and ZnO NPs, but in natural water the toxicity 
decreased. The toxicity was attributed to the sol-
ubilised ions liberated from the nanoparticles 
into the water [136]. Similar mode of toxicity by 
the dissolution of metal ions in water was 
observed for microalgae Pseudokirchneriella 
subcapitata, after exposure to CuO NPs, ZnO 
NPs and TiO2 NPs [137]. Tight epithelial cells 
were cultured from Xenopus laevis and the toxic-
ity of CuO NPs and Cu ions were estimated. 
Results showed decreased cell viability upon 
CuO NPs for a long term exposure, whereas, Cu 

ions could produce the same amount of toxicity 
in a short period [138]. A lower RBC count, 
hematocrit value and elevated WBC count was 
observed in fish (R. rutilus) after treatment with 
CuO NPs and the LC 50 value for 96 h is found 
to be 2.19 ± 0.003 mg/l of water [139]. The effect 
of Cu NPs and copper sulfate was observed for 
the neuronal cells of c. elegans and a 10% degen-
eration of dopaminergic neurons were found 
after CuO NPs exposure. There was loss of feed-
ing pattern and average body length of the nema-
tode and elevation in stress response genes after 
CuO NPs exposure [140]. Male wistar rats were 
injected intraperitonially to 100, 200 and 
400 ppm of CuO NPs and the blood parameters 
aspartate aminotransferase, alanine transami-
nase, alkaline phosphatase, creatinine, fasting 
blood sugar, albumin, blood urea nitrogen, total 
protein were evaluated. The results showed that 
at 400 ppm CuO NPs exposure, all the biochemi-
cal parameters were alarming indicating that 
higher doses of CuO NPs can be detrimental in 
wistar rats [141]. The studies on CuO NPs on dif-
ferent biological systems show that the aquatic 
animals like fish, crustaceans, algae, are very 
much affected by decreased viability, altered 
blood parameters and in some cases neurological 
disturbances at high dose exposure. The indirect 
incorporation of CuO NPs toxicity through food 
chain could magnify and extrapolate the effect in 
humans.

7.1.6  Cerium Oxide Nanoparticle 
Toxicity

Cerium oxide nanoparticles, also known as 
nanoceria is a rare earth metal oxide nanoparticle 
with versatile application in catalysis, gas sen-
sors, solar cells, UV absorbents and glass polish-
ing material. Nanoceria also has biomedical 
applications in biosensors, treatment of retinopa-
thy and cancer. It has multi-enzymatic biomi-
metic properties of superoxide oxidase, catalase 
and oxidase [142]. With increase in usage there 
are occupational exposures to nanoceria which 
makes a concern to test its toxicity. Conflicting 
reports were found regarding the extent of toxic-
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ity of nanoceria and the valance state of Ce atoms 
in the nano preparation may be the cause of dif-
ferential toxicity. The valance state of Ce can be 
both +3 and +4 in CeO2 nanoparticle and enable 
to take and release oxygen respectively. The tran-
sition of Ce+4 to Ce+3 produces subsequent oxy-
gen vacancies, producing superoxide anions 
which further produces hydroxyl ion that are 
toxic to cells; whereas, Ce+3 can react with 
hydroxyl ions and behave as an antioxidant 
[143–146]. Thus, the oxidation state of Ce in 
CeO2 can decide whether it will exert toxic effect 
or protective effect to the cells [147].

Nanoceria can be used for treatment of cancer 
as the cancer cell environment is acidic (pH = 
6.7) compared to normal tissues (pH = 7.), 
whereas the cytosol of cancer cells are alkaline. 
A selective killing of cancer cells on nanoceria 
exposure is hypothesized due to the acidic envi-
ronment of the cancer tumours resulting in the 
inhibition of catalase like activity of nanoceria. 
Along with radiation, the superoxide radical gen-
eration capacity of nanoceria in acidic environ-
ment further enhances cancer cell toxicity 
together with radiation [148, 149]. The selective 
killing of cancer cells by nanoceria by inducing 
oxidative stress and apoptosis after radiation 
exposure is also observed [150–152]. The radical 
scavenging effect of nanoceria can be compared 
with the activity of the enzyme superoxide dis-
mutase (SOD). SOD removes superoxide (O2

•−) 
from the system in the following reaction steps.
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A similar process of superoxide radical scaveng-
ing is reported for nanoceria as follows 
[153–155]:
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To understand the effect of low dose exposure 
to nanoceria, AL-PEG-600 coated nanoceria was 
exposed at a very low dose (0.01 μg/ml) to the 
cancer cell lines- human hepatocellular carci-
noma HepG2, Huh7, and SMMC-7721 cell lines, 
the human osteogenic sarcoma U2OS cell line, 
the human breast cancer MCF-7 cell line, and the 
human colon carcinoma HCT116 cell line. The 
AL-PEG-600 coating was done to make the 
nanoparticles stable and biocompatible. The 
results of this study showed that polymer coated 
nanoceria could promote cell proliferation in 
hepatoma cells by reducing apoptosis and can 
activate AKT/ERK signaling pathways [156]. 
Inhalation of fresh and aged nanoceria by Sprague 
Dawley rats showed a predominant presence of 
these nanopartciles in lungs and feces. There was 
no significant difference in the biodistribution of 
fresh and aged nanoceria in the organs and with 
increase in time the amount of nanoceria 
increased in the feces indicating a clearance of 
the nanoparticles. Alveolar phagocytosis was 
also observed for nanoceria clearance but no tox-
icity was observed [157]. There was no genotox-
icity in the blood cells observed after inhalation 
of nanoceria for 3–6 months in female rats [158]. 
Lung lavage fluids were collected from nanoceria 
and NiO nanoparticles exposed male C57BL/6J 
mice to assay inflammation, cytotoxicity and 
inflammasome activation at 1 and 7 day post 
exposure. A pH dependent radical scavenging 
activity was observed for both nanoceria (acidic 
environment mimicking the lysosome) and 
NiO-NP (at physiological pH mimicking the cell 
cytosol) [159]. After the inhalation studies of 
nanoceria, studies involving neurological disor-
ders are also warranted as the size of the nanopar-
ticles make them to penetrate the blood brain 
barrier and may influence the activity of brain. In 
a mouse model for amyotrophic lateral sclerosis 
(ALS), SOD1G93A, nanoceria was injected intra-
venously twice a week and it was observed that 
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there was induction of muscle weakness in the 
mouse but their life span increased significantly. 
It was hypothesized that the citrate stabilized 
nanoceria could act like catalase and oxidase and 
exerted its protective role by extending the lifes-
pan of SOD1G93A mice [160]. The neuroprotec-
tive role of nanoceria was studied in Parkinson’s 
disease induced by 6-hydroxy dopamine 
(6-OHDA) in rats. The results showed partial 
decrease in oxidative stress and apoptosis but no 
alteration in striatal dopamine level. Thus, 
nanoceria could have a neuroprotective level 
exerted through its antioxidant properties [161]. 
Reduction in neuronal death and calcium dys-
regulation caused by mild brain injury was an 
after effect of intraperitonial nanoceria treatment 
in rats [162]. Application of nanceria as a sensor 
for determination of low concentration of vita-
min C makes this nanoparticle a promising agent 
for biosensor development [163]. Although in 
some cases nanoceria is found to be toxic by gen-
erating ROS [143, 164] most of the studies con-
cluded nanoceria to be protective rather than 
harmful.

Contribution of nano TiO2 towards induction 
of oxidative stress and nervous system is well 
documented [165, 166]. The toxicity of other 
metal oxide nanoparticles like Bi2O3, Co3O4, 
CuO, Cu2O, Fe2O3, Fe3O4, Sb2O3, SiO2, TiO2, 
UO2, ZnO, ZrO2, SnO2, Ag, Au, has already been 
discussed by other researchers [167, 168]. 
Several cell lines [169] as well as embryonic 
zebrafish are used for the study of metal oxide 
toxicity [170] because of its transparent eggs. 
Zebrafish has a low cost of rearing and is a verte-
brate system. Moreover, the transparency of the 
zebrafish eggs makes the researchers to monitor 
all the developmental stages microscopically.

7.1.7  Mechanisms of Metal Oxide 
Nanoparticle Toxicity

The mechanism of toxicity of different metal 
oxide nanoparticles are attributed mainly due to 
dissociation of the metal ion from the nanoparti-
cle when exposed to cells or biological fluids. 

The general toxicity mechanism induced by NPs 
when internalized inside the cells is depicted in 
Fig. 7.3.

The internalization by endocytosis can cause 
much severe damage to the cell compared to non 
endocytosis entry pathway. The cells carry the 
metal oxide nanoparticles through the lysosome 
and several metal ions are released in the cyto-
plasm due to the acidic pH of the lysosome that 
acts like a Trojan Horse [171]. These ions inter-
act with the proteins in the cytoplasm thereby 
generating superoxide radicals. These radicals 
are converted to hydrogen peroxide (H2O2) by the 
action of our antioxidant defense system, the 
enzyme called superoxide dismutase (SOD). The 
released H2O2 is converted to water in the pres-
ence of another antioxidant enzyme called cata-
lase (CAT). But when the superoxide radical load 
is higher, some of the H2O2 escape through CAT 
decomposition and enter the nucleus. In the 
nucleus, H2O2 undergoes Fenton type reaction 
leading to the generation of hydroxyl radicals 
and other adducts generating ROS that can cause 
DNA damage [172].

When the free radical enter the mitochondria 
they depolarize the membrane and trigger apop-
tosis by the release of cytochrome c. Cytochrome 
c is released from mitochondria to the cytoplasm 
leads to the cooperative action of three protein 
factors designated as apoptotic protease activat-
ing factors (Apafs). Released cytochrome c binds 
to Apaf-1 (apoptotic protease activating factor-1) 
and promotes its oligomerization to form the so 
called ‘apoptosome’ [173]. Apaf-1 contains a 
sequence homologous to the C.elegans CED-4, 
and while Apaf-2 was identified as Cytochrome 
c, recruitment of procaspase-9 to this active 
apoptosome results in its autoactivation. Apaf-3 
was shown to be identical with Caspase-9. It also 
was demonstrated that, in the presence of dATP, 
Caspase-9 is directly activated by Apaf-1 and 
Cytochrome c. Active Caspase-9 activates 
Caspase-3 and by this the apoptotic machinery 
gets triggered that leads to DNA fragmentation 
and cell death [173] (Fig. 7.3).

One of the most used hallmarks of apoptosis is 
internucleosomal DNA fragmentation, brought 
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about by an endonuclease, generating DNA frag-
ments with lengths corresponding to multiple 
integers of approximately 180 basepairs [174]. 
The responsible endonuclease (called CAD for 
Caspase Activated DNase) pre-exists in living 
cells as an inactive complex with an inhibitory 
subunit, called ICAD (Inhibitor of Caspase- 
Activated DNase). Activation of CAD occurs by 
caspase-3-mediated cleavage of the inhibitory 
subunit, resulting in the release and activation of 
the catalytic subunit. Caspase-mediated cleavage 
of specific substrates also explains several other 
characteristic features of apoptosis, like cleavage 
of the nuclear lamins, required for nuclear shrink-
ing and budding and cleavage of cytoskeletal 
proteins such as fodrin and gelsolin, causing loss 
of overall cell shape [175].

The Fenton reaction involving iron ions gen-
erated due to iron oxide internalization by the 
endothelial cells of the lumen of the blood ves-
sels is given below:

 Fe H O Fe OH OH2
2 2

3+ + −+ → + +•

 

 Fe H O Fe OOH OH3
2 2

2+ + ++ → + +•

 

Iron oxide nanoparticles are injected intravascu-
larly for imaging applications and the fate of the 
nanoparticles is shown in Fig. 7.4.

As the maximum nanoparticles get cleared 
through phagocytosis, the remaining of the par-
ticles interact with the endothelial cells leading to 
increased level of cytokines, adhesion molecule 
expression, monocyte recruitment and adhesion, 
nitric oxide level elevation and decreased cell 

Fig. 7.3 The nanoparticles entry into the cells via endo-
cytosis and endocytosis free pathway. The acidic environ-
ment of lysosome causes burst release of the nanoparticles 
which interact with the cytosolic proteins and other mol-

ecules generating ROS. These ROS generate oxidative 
stress into the mitochondria and cytochrome c is released 
which triggers the caspase cascade leading to caspase 
dependent apoptosis
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viability. These effects collectively may lead to 
endothelial inflammation and dysfunction lead-
ing to early atherosclerosis [176].

ZnO nanoparticles induced cytotoxicity was 
compared with Zn2+ ions and CeO2 nanoparticles 
in HUVEC cells and it was found that the dis-
solved Zn2+ ions exerted toxicity through endo-
plasmic reticulum (ER) stress. At non toxic 
concentrations ZnO nanoparticles could induce 
significant ER stress response showing elevated 
levels of spliced xbp-1, chop, and caspase-12 at 
the mRNA level, and associated ER marker pro-
teins including BiP, Chop, GADD34, p-PERK, 
p-eIF2R, and cleaved Caspase-12 at the protein 
levels [177]. Expression of these genes and pro-
teins can effectively turn on the apoptotic mecha-
nism leading to apoptotic cell death. The ZnO 
nanoparticle and CuO NP based toxicity towards 
eukaryotic cells was discussed through three 
mechanisms based on oxidative stress, coordina-
tion effects, and nonhomeostasis.

Chang et al., illustrated that the NPs can cross 
the small pores of the cell membrane due to their 
small size or can enter through the ion channels 
and transporter proteins present in the plasma 
membrane or can enter through endocytosis [21]. 
The mechanism of toxicity is explained earlier in 
Fig. 7.3. There is a direct interaction of the 
nanoparticles with mitochondria and the redox 
active proteins then stimulate ROS production in 
cells. Cu2+ ions that are exerted by the nanoparti-
cles can produce ROS by different chemical 
reactions and ROS can further induce DNA 
strand breaks, affect gene expression. Cu2+ ions 
can form chelates after interacting with biomole-
cules or can dislodge metal ions in some metal-
loproteins which can inactivate such proteins. 
Moreover, the Cu2+ that are released from CuO 
NPs can caused a local enhanced concentration 
of this metal; and can disrupt the cation metal 
homeostasis in cells leading to cellular toxicity 
[178].

Fig. 7.4 The internalization of IONPs into the endothelial cells and interaction generating various responses
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7.2  Conclusion

Engineered nanoparticles are rapidly capturing 
the market of nanotechnology for designing nano 
sensors, biosensors, solar cells, catalyst, paints, 
cosmetics, diagnostic kits, drug loading and tar-
geted drug delivery and so on. The health issues 
concerned with the profound use of these nano-
structures are also explored very well, but the 
studies could not end up with any particular con-
clusion. There are certain factors that can control 
the toxicity exerted by metal oxide nanoparticles 
like, size, mode of administration, aggregation 
state, surface functionalization, oxidation state 
and also the in vivo environment where it is 
accumulated.
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Relevance of Physicochemical 
Characterization of Nanomaterials 
for Understanding Nano-cellular 
Interactions

Henriqueta Louro

Abstract

The manufactured nanomaterials (NMs) have specific physicochemical 
properties that confer unique mechanical, optical, electrical and magnetic 
characteristics that are beneficial for biomedical and industrial applica-
tions. However, recent studies have suggested that such specific physico-
chemical properties of the NMs may define nano-bio interactions thereby 
determining their toxic potential.

One of the major concerns about NMs is the potential to induce cancer, 
suggested by some experimental studies, as seen for titanium dioxide 
nanomaterials or carbon nanotubes. To analyze in a short term the carcino-
genic properties of a compound, genotoxicity assays in mammalian cell 
lines or animal models are frequently used. However, the investigation of 
the genotoxic properties of NMs has been inconclusive, up to date, since 
divergent results have been reported throughout the literature. While try-
ing to understand how the NMs’ characteristics may encompass increased 
toxicological effects that harbor uncertainties for public health, the use of 
correlation analysis highlights some physicochemical properties that 
influence the genotoxic potential of these NM.

In this chapter, it is hypothesized that the different genotoxicity 
observed in closely related NMs may be due to subtle differences in their 
physicochemical characteristics. The present work provides an overview 
of the studies exploring the correlation between physicochemical proper-
ties of nanomaterials and their genotoxic effects in human cells, with focus 
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on the toxicity of two groups of NMs, titanium dioxide nanomaterials and 
multiwalled-carbon nanotubes. It is suggested that, for tackling NMs’ 
uncertainties, the in-depth investigation of the nano-bio interactions must 
be foreseen, where in vitro research must be integrated with in vivo and 
biomonitoring approaches, to cope with the complex dynamic behaviour 
of nanoscale materials.

Keywords

Nanomaterials · Public health · Genotoxicity · Cytotoxicity · Titanium 
dioxide · Multiwalled carbon nanotubes · Physicochemical properties

8.1  Introduction

The manufactured nanomaterials (NMs) have 
specific physicochemical properties that confer 
unique mechanical, optical, electrical and mag-
netic characteristics that are beneficial for bio-
medical and industrial applications. However, the 
exponential developments of nanotechnologies 
contrast with the still insufficient risk assessment 
for human health and the environment, leading to 
uncertainties in terms of public health. The con-
cerns about the potential risks of NMs for public 
health arise mainly from epidemiologic studies in 
humans exposed to nanomaterials generated as 
by-products from human activity and pollution.

One of the major concerns about NMs is the 
potential to induce cancer, suggested by some 
experimental studies, as seen for titanium dioxide 
nanomaterials (TiO2) or carbon nanotubes 
(CNTs). Based on the increased incidence of can-
cer in the respiratory tract of rodents exposed to 
high doses of ultrafine (<100 nm) TiO2 dust, 
these NMs were classified by IARC as possibly 
carcinogenic to humans, group 2B substances 
[1]. However, such finding was not supported by 
epidemiological studies [2]. To analyse in a short 
term the carcinogenic properties of a compound, 
genotoxicity assays in mammalian cell lines or 
animal models are frequently used. Nevertheless, 
the investigation of the genotoxic properties of 
NMs has been inconclusive, up to date, since 
many of the studies reported in vivo and in vitro 
describe conflicting results in several biological 
systems [1, 3]. While several studies in bacteria 

revealed no genotoxicity, positive results were 
obtained in eukaryotic cells and animals [4].

Regarding carbon nanotubes (CNTs), the 
IARC working group published recently a paper 
that included the assessment of the carcinogenic-
ity of single-walled carbon nanotubes (SWCNTs) 
and multi-walled carbon nanotubes (MWCNTs) 
[5]. The main conclusions were that the lack of 
coherent evidence across the various distinct 
CNTs precluded generalization to other types of 
CNTs. Only one MWCNT, Mitsui MWCNT-7, 
was classified as possibly carcinogenic to 
humans, group 2B [5]. Other CNTs were catego-
rized as not classifiable as to their carcinogenic-
ity to humans, Group 3 [5]. This classification 
mirrors the contradictory results that have been 
reported in the scientific literature about the 
genotoxicity of CNTs, either showing induction 
of DNA damage, gene mutations, micronuclei, 
and chromosomal aberrations in different types 
of cells [6] or irrelevant effects [7] for several 
CNTs. Further research suggested that, besides 
Mitsui MWCNT-7, other types of MWCNTs 
may be carcinogenic as well, and that straight 
MWCNTs appear to have a greater potency to 
induce mesothelioma than tangled MWCNTs [8, 
9].

The inconsistent results found in the literature 
may be related to variables inherent to the test 
systems and exposure conditions, including dis-
persion of the nanoparticles. The analysis of the 
extensive literature existent on NMs toxicity evi-
dences the fact that NMs with the same chemistry 
can greatly differ by size, surface area, shape, 
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stability, rigidness, coating or electrical charge 
and these characteristics affect nano-bio interac-
tions, leading to different toxic potential [10]. In 
fact, recent studies have suggested that specific 
physicochemical properties of the NM may 
define their nano-bio interactions, thereby deter-
mining their toxic potential [11]. In this chapter, 
it is hypothesized that the different genotoxicity 
observed in closely related NMs may be due to 
subtle differences in their physicochemical char-
acteristics. The present work provides an over-
view of the studies exploring the correlation 
between physicochemical properties of nanoma-
terials and their genotoxic effects in human cells, 
with focus on the toxicity of two groups of NMs, 
titanium dioxide nanomaterials and multiwalled- 
carbon nanotubes.

8.2  The Physicochemical 
Characterization 
of Nanomaterials

Recent studies have suggested that specific phys-
icochemical properties of the NM may define 
their nano-bio interactions, thereby determining 
their toxic potential. The identification of such 
determinant of toxicity may enable grouping 
strategies valuable for risk assessment. In addi-
tion, this nanotoxicology paradigm implies that, 
once the “toxic” characteristic is identified, it will 
be possible to develop/synthetize new NMs 
devoid of toxicity, leading to a “safe-by-design” 
approach to nanotechnology. In this way, early 
identification of uncertainties and potential risks 
along the NM life-cycle (production, use and 
end-of-life process) will also enable safety to 
keep pace with innovation [12].

Some authors suggested that the intrinsic 
physicochemical properties may be viewed as the 
‘synthetic identity’ of the nanomaterial [13]. This 
identity, however, is not simple to ascribe due to 
the fact that NMs, unlike their constituent chemi-
cals, are defined by statistical parameters such as 
geometric mean particle diameter and geometric 
standard deviation [14]. In Europe, major efforts 
have been engaged by the Joint Research Centre 
in Ispra, Italy, to characterize representative 

benchmark NMs that could be used as reference. 
It is, however, visible that the JRC reports still 
describe lot, inter- and intra-vial differences in 
the parameters recorded, that reflect such varia-
tion associated with each type of NM (see for 
example [15, 16]). The intrinsic properties can 
change with method of production, preparation 
process, storage, etc., reflecting the dynamic 
behavior of NMs [17]. Furthermore, many physi-
cochemical properties of NMs are inter-related 
and thus cannot be varied systematically in isola-
tion from others, e.g. increasing surface charge 
may impact on hydrophobicity, or changing the 
shape of a NM may introduce defects or alter the 
atomic configuration of the surface [12].

Due to their reactive surface, agglomeration 
and aggregation is a natural behavior of NMs, 
both in liquids or in air, and determines the actual 
particle size that will interact with cells and 
organisms [17]. In addition, following the intro-
duction of NMs into a biological system a “bio-
logical identity” is formed, in part, by the 
adsorption of surrounding biomolecules such as 
proteins or lipids, onto the surface of the nanopar-
ticles [13, 18]. The formation of a “corona” upon 
the adsorption of different serum⁄plasma biomol-
ecules onto NMs has long been recognized [17, 
19], being the composition dependent on the por-
tal of entry into the body and on the particular 
fluid that the NMs come across with (e.g., blood, 
lung fluid, gastro-intestinal fluid, etc.). Additional 
dynamic changes can affect the “corona” as the 
nanoparticle crosses from one biological com-
partment to another [13].

Having realized such impact, it has been rec-
ommended that toxicologists adequately charac-
terize physicochemical properties of the 
nanoparticles evaluated for hazard testing. For 
this assignment, many tools are available and can 
effectively aid in characterizing NMs, including 
microscopy, spectroscopy, spectrometry, and 
light scattering devices (reviewed in [20]). Some 
are depicted in Table 8.1.

The primary characterization end-points 
include average size/size-distribution including 
agglomeration/aggregation state, shape/morphol-
ogy, surface area and porosity, atomic structure, 
chemical composition, surface chemistry [21]. 
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Among the methodologies available, electron 
microscopy is the most widely used instrument 
for chemical and structural investigation of nano-
materials [21], allowing the study not only of the 
primary characteristics but also of their biologi-
cal identity in cells or tissues. For the use in bio-
logical assays, TEM is often coupled with energy 
dispersive X-ray spectroscopy (EDS) analysis for 
determining elemental constituents [22]. 
However, it is a complex and time-consuming 
technique that requires expensive equipment and 
experienced technicians [23].

The characteristics and properties of each 
nanomaterial to be assessed depend strongly on 
chemical type and chemical-structural complex-
ity of the nanomaterials and on the purpose of 
their use [21]. According to these authors, one 
may discriminate between the end-points 
required to identify the material versus the end-
points required to characterize its dispersibility 
into a given matrix versus characterization 
required for chemicals registration and finally for 
full risk assessment, a view that meets the con-
cept of several levels of identity for one nanoma-
terial above described.

A major drawback is that most biology labora-
tories do not have expertise in these methods, and 
therefore a multidisciplinary approach is manda-
tory in nanotoxicology. Nevertheless, user- 
friendly methodologies such as dynamic light 
scattering (DLS) can be easily implemented in 
each laboratory for an in situ, real time, evalua-
tion of the NMs to be used in biological testing. 
In the next sections some examples are described, 
arising from the author’s experience, that illus-
trate the importance of including physicochemi-
cal characterization for interpreting the 
toxicological studies of NMs.

8.3  Closely Related NMs Reveal 
Distinct Genotoxic Effects

In earlier studies, the in vitro genotoxicity of 
benchmark NMs has been addressed using 
cytokinesis- blocked micronucleus assay in 
human lymphocytes [11]. Two groups of NMs 
were used, namely, titanium dioxide NMs (TiO2) 
and multiwalled carbon nanotubes (MWCNTs), 
obtained from the Joint Research Center (JRC, 
Ispra, Italy), except NRCWE-006 (Mitsui&Co., 
Ltd., Ibaraki, Japan) and NRCWE-007 (Cheap 
Tubes Inc., Brattleboro, VT, USA) that were pro-
vided as sub-samples by the National Research 
Centre for the Working and Environment 
(NRCWE) within Nanogenotox Joint Action. 
The NMs were prepared under Good Laboratory 
Practices (GLP), allowing their application as 
international benchmarks (https://ec.europa.eu/
jrc/en/scientific-tool/jrc-nanomaterials-reposi-
tory). Their physicochemical characteristics were 
previously determined and are summarized in 
Table 8.1 [11, 16]. The NM dispersion for the 
biological assays included the preparation of a 
2.56 mg/ml stock dispersion of each NM by 
prewetting powder in 0.5 vol% ethanol (96%) 
followed by addition of sterile-filtered 0.05 wt% 
BSA-water and 16 min of probe sonication of the 
sample, cooled in an ice-water bath, according to 
a standardized protocol [24]. The cytokinesis- 
blocked micronucleus assay was used for the 
investigation of genotoxic effects of the NMs in 
human lymphocytes, mainly as recommended by 

Table 8.1 Some of the tools available for the character-
ization of the nano-cellular interface

Property Tool/methodology

Size, morphology, 
composition

Electron microscopy (TEM), 
Energy dispersive spectroscopy 
(EDS), Small angle X-ray 
scattering (SAXS)

Crystalline phase X-ray diffraction (XRD)

Surface Area Nitrogen adsorption using the 
Brunauer, Emmett and Teller 
(BET) method

Surface charge Zetametry (zeta-potential)

Hydrodynamic 
size

Dynamic light scattering (DLS)

Deposition 
efficiency

Inductively coupled plasma- mass 
spectrometry (ICP-MS)

Internalization ICP-MS, TEM

Cellular 
localization

Fluorescence microscopy, TEM

Intracellular 
agglomeration

TEM, hyperspectral imaging

NM- binding 
properties

Microscopy

Protein corona MS, SDS-PAGE
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OECD [25] with the modifications suggested for 
NMs [26]. Such modifications include the expo-
sure of cells to the NMs some hours (typically 
6 h) before the addition of cytochalasin-B, since 
this reagent may impair NM uptake [27]. 
Considering the micronucleus assay results, the 
NMs were classified as having no effects or geno-
toxic effects or equivocal genotoxic effects, when 
some positive results were observed occasion-
ally. In addition, for the present analysis, a rank-
ing index of the genotoxicity effects was 
determined, based on the number of concentra-
tions that showed significant increases in the 
micronucleus frequency. Such classification is 
depicted in Table 8.2.

It is evident from Table 8.2 that within groups 
of closely related NMs, displaying a similar core 
chemical composition, different genotoxic effects 
are observed, ranging from positive to negative 
results [11, 28]. This creates a difficulty regard-
ing safety assessment, since it leads to the need of 
investigating the toxic potential of each NM indi-
vidually, instead of assuming a common mecha-
nism and equal genotoxic effects for a set of 
similar NMs [11]. In view of this reality, group-
ing strategies for risk assessment cannot be based 
simply in the chemical core of the NMs. The sub-
sequent analysis tries to overcome this problem 
by trying to discriminate the feature more rele-
vant for genotoxicity of the NMs.

Among TiO2, which are widely used in a 
broad variety of final products, e.g. as a pigment 
in paints, varnishes and plastics, as an additive to 
food (colorant E171), or as UV-filter in cosmetic 
products [29], the rutile NMs presented the most 
genotoxic effects. On the contrary, in general the 
literature describing in vitro genotoxicity testing 
using human cell lines, shows the induction of 
micronuclei by anatase TiO2 and negative results 
for rutiles [30, 31]. Nevertheless, recently it was 
reported that rutile, and not anatase, induces toxic 
effects in Balb/3T3 mouse fibroblasts, whereas 
the internalization is dependent on the particle 
size [32]. In addition, one study used NM-103 
TiO2 (hydrophobic, dimethicone-coated) and 
those authors reported a slight increase in micro-
nucleus formation for at the lower doses tested (1 
and 5 μg/ml) in Beas-2B cells [33]. No compa-

rable results were reported specifically for 
NM-104 TiO2 (hydrophilic, glycerine-coated). 
Furthermore, NM-105 TiO2, which consisted of a 
mixture of rutile and anatase (15–85%), was not 
genotoxic under similar experimental conditions 
[33].

Using correlation analysis, here we try to 
understand further the characteristics that may 
underlie the genotoxicity of these TiO2. For the 
correlation analysis, the micronucleus frequency 
obtained in each concentration, was plotted 
against each of the characteristics presented in 
Table 8.2, to check linear relations among the test 
variables. Three replicate values were used for 
each NM. Whenever a linear relation was found, 
Pearson correlation analysis was used to test if 
there was a significant correlation.

The results of this analysis show that for the 
lower concentrations of TiO2 (5 and 15 μg/cm2), 
there is a strong positive correlation of the micro-
nucleus frequency with the agglomerate size 
(correlation coefficients: r = 0.595 and 0.683; 
p = 0.054 and 0.02, respectively; Pearson correla-
tion test), meaning that NMs forming agglomer-
ates of larger sizes yielded more elevated 
micronucleus frequencies. Such correlation was 
also observed at the highest concentrations 
(250 μg/cm2) (r = 0.573, p = 0.052; Pearson cor-
relation test) and is represented in Fig. 8.1.

Pooling together the micronucleus frequen-
cies for all concentrations of TiO2, the strongest 
correlation was also with the agglomerate size 
(r = 0.479, p = 0.0002; Fig. 8.2).

In fact, the agglomeration behaviour is 
expected under physiological conditions [17], 
and may play an important role in explaining the 
high levels of variation found in genotoxicity 
testing. Also the absence of dose-response curves 
upon NM exposure may be explained by the 
time- and concentration-dependent agglomera-
tion and subsequent sedimentation of NMs [11]. 
Accordingly, sedimentation has been studied for 
this set of NMs. In NM-102, sedimentation 
occurs in combination of fining, suggesting that 
preferentially the coarsest particles drop out of 
suspension, while in NM-103 and NM-104 there 
is a strong component of total sedimentation 
[11]. This extensive sedimentation may be 
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Fig. 8.1 Correlation of the micronucleus frequencies at the concentrations of 5, 15 and 250 μg/cm2 TiO2 and the 
agglomerates size

Fig. 8.2 Correlation of the micronucleus frequency at all concentrations of TiO2 and the agglomerates mean size
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responsible for increased contact/interaction of 
the NMs with the cells, namely particles and 
small agglomerates, leading to increased geno-
toxic effects in the case of NM-103 and NM-104. 
For NM-105, sedimentation studies showed a 
slow deposition and accumulation at the vial bot-
tom resulting in concentration-induced agglom-
eration [11].

Considering one of the mechanisms usually 
proposed to explain the genotoxic effects of NMs 
[34], a direct action of the small NMs on the 
genome would require them to enter the cells, 
bypassing cellular barriers and reaching the 
nucleus where they could bind to DNA molecule 
or interfere with replication process. This mecha-
nism would imply that smaller NMs would reach 
cell nucleus easily, thus increasing agglomerate 
size would decrease their genotoxic effect, on the 
contrary of our observations. However, if the 
genotoxic effects observed are originated from 
the indirect/secondary action of NMs in cellular 
metabolism, for example by the increased pro-
duction of reactive oxygen species or mediating 
inflammation processes [34], the increasing size 
of agglomerates might favour increased biologi-
cal effects, that may explain our findings. 

Accordingly, a previous work described that TiO2 
dispersions with large agglomerates induced 
DNA damage in all three cell lines, while the 
TiO2 dispersed with agglomerates less than 
200 nm had no effect on genotoxicity [35].

It cannot be excluded that larger agglomerates 
formed might be less stable and thus NMs can be 
released and reach cells as individual particles, as 
suggested in the literature using rutile/anatase 
mixture for toxicity testing in vitro [35].

Although the present study points to the 
agglomerates size as the major determinant of 
TiO2 genotoxicity independently of the concen-
tration, for the concentration of 15 μg/cm2, a cor-
relation was detected with specific surface area 
(r = 0.737, p = 0.010, Pearson correlation test; 
Fig. 8.3).

It is possible that, at lower concentrations 
when agglomeration/sedimentation is not yet 
massive, primary/intrinsic characteristics of the 
TiO2 are of relevance. An increased SSA deter-
mines increased surface reactivity, possibly lead-
ing to more pronounced cellular effects.

In addition, at the highest concentration inves-
tigated, 250 μg/cm2, assuming a high rate of sedi-
mentation, this would mean a higher deposit of 

Fig. 8.3 Correlation of 
the micronucleus 
frequency at the 
concentration of 15 μg/
cm2 TiO2 and the 
specific surface area 
(SSA)

H. Louro
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NMs on cells, increasing nano-bio interactions. 
At this concentration, a negative strong correla-
tion between the length of the NM and the micro-
nucleus frequency was detected (r = −0.758, 
p = 0.004). However, it must be noted that the 
length of the NMs did not vary significantly, 
ranging from 15 to 23 nm, thus this correlation 
has limited value.

Although the present findings need to be con-
firmed in studies involving a larger panel of NMs 
and other cell media, it is proposed that the 
agglomerate size is a major predictor of TiO2 
genotoxicity in human lymphocytes. However, 
we cannot exclude the possibility that the major 
determinant is a combination of characteristics, 
such as SSA plus agglomerate size, which are 
interdependent, but in the future further studies 
should investigate this issue.

Within the panel of NMs hereby presented, 
the most genotoxic NM, based on the genotoxic-
ity ranking index obtained in the micronucleus 
assay (Table 8.2), was NM-403, a MWCNT 
presenting a highly bend morphology, followed 
by NRCWE-006, which is a more rigid 
MWCNT. The latter is the same MWCNT previ-
ously shown to induce mesothelioma in mice and 
rats [36–39]. Amongst MWCNTs, the thin (diam-
eter 12 nm) and short (443 nm) NM-403 was 
positive, but also the thick (diameter 70 nm) and 
long (4424 nm) NRCWE-006 had positive 
results. However, NRCWE-007 and NM-400, 
two other thin (15 and 11 nm, respectively) and 
short (369 and 846 nm, respectively) MWCNTs, 
as well as NM-402 (11 nm diameter and 1372 nm 
length) presented negative outcomes in the 
micronucleus assay (Table 8.2).

Focusing on MWCNTs, no linear relations 
were observed between the physicochemical 
characteristics and the micronucleus frequency 
and thus no correlation analysis could be envis-
aged. This fact may reflect the impact of cell cul-
ture medium in the NMs size, an issue that is 
addressed in the next section.

In addition, in previous studies, correlation 
analysis was used in respiratory cells, to test the 
association of the micronucleus frequency in 
A549 cells at the maximum (128 mg/cm2) and 
intermediate (64 mg/cm2) concentration of 

MWCNTs with the NMs physicochemical char-
acteristics [28]. No correlation was found 
between micronucleus frequency and the surface 
area, thickness, length, aspect ratio, or with the 
size of NMs in the batch dispersions and the dilu-
tions in cell culture medium [28]. A recent work 
analysed a panel of 15 MWCNTs that included 
NM-401, NM-402 and NM-402, and the tested 
CNTs were weakly genotoxic (using comet 
assay) after 24 h exposure to doses up to 200 mg/
ml [40]. Even using powerful statistical method-
ologies such as principal component analysis, no 
association was identified between physicochem-
ical parameters or the dispersion quality of stock 
dispersion and the observed biological effects 
[40].

In accordance, other authors have reported 
that the differences observed in genotoxicity 
among MWCNTs may not be simply explained 
by variation in length and diameter. Other struc-
tural differences, including surface activity or 
transition metals present as impurities, might be 
implicated [29, 41] and the influence of the envi-
ronmental context may be determinant for the 
observed effects.

8.4  The Influence of Cell 
Environment 
in the Biological Effects 
of NMs

Recent work was dedicated to the investigation of 
the cytotoxic and genotoxic effects of four bench-
mark MWCNTs in relation to their physicochem-
ical characteristics in human cells [28]. 
Considering that inhalation is the most probable 
route of human exposure to these NMs, two types 
of human respiratory cells were selected for 
in vitro complementary analysis: a bronchial 
 epithelial cell line (Beas-2B) and a lung adeno-
carcinoma epithelial cell line (A549). The 
Beas-2B cell line is derived from normal human 
bronchial epithelium obtained from non-cancer-
ous individuals and is able to generate and release 
mediators of inflammation [42] while, A549 cells 
mimics function of Type II pneumocytes, retain-
ing the endocytic ability of the pulmonary epithe-
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lium and localization of cytochrome P450 
systems [43]. Both cell lines were exposed to 
NM-400, NM-401, NM-402 and NM-403 and 
their cytotoxic and genotoxic effects were anal-
ysed concomitantly to the hydrodynamic sizes in 
cell culture medium for each cell type, using 
DLS [28].

The DLS analysis revealed that, for each 
MWCNT, different hydrodynamic sizes were 
observed after the dispersion of NMs in aqueous 
solutions (batch dispersions), using the standard-
ized dispersion protocol [24], or in the dilution of 
the batch in each cell culture medium (Table 8.3).

While it is apparent that the dilution of the 
batch dispersion in the cell culture medium leads 
to increased agglomeration of the MWCNTs, 
there is major impact when using the Beas-2B 
cell line culture medium, as can be clearly seen in 
Fig. 8.4.

A shift to higher hydrodynamic size is seen 
upon the dilution of MWCNTs in cell culture 
medium, and, in the case of Beas-2B cell medium, 
this also results in a multimodal size-distribution. 
This effect is probably related to differences in 
the components of the solutions used. While 
batch dispersion is prepared in aqueous solution 
containing 0.5 vol% ethanol (96%) and sterile- 
filtered 0.05 wt% BSA-water [24], the A549 cell 
culture medium contains DMEM with 1% 

Penicillin/Streptomycin, HEPES buffer, 10% 
fetal bovine serum inactivated and 1% fungizone. 
Conversely, Beas-2B medium is rich in biomole-
cules and contains Serum-free Bronchial 
Epithelium Growth Medium (BEGM, Lonza) 
supplemented with bovine pituitary extract, 
Hydrocortisone, Human Epidermal Growth 
Factor, Epinephrine, Transferrin, Insulin, 
Retinoic Acid and Triiodothyronin. Apparently, 
the Beas-2B medium components affect more 
significantly the MWCNTs size-distribution, 
which may have impact in the resulting biologi-
cal effects. Our findings are in agreement with 
the work by Magdolenova et al. [35] showing that 
the level of agglomeration/aggregation of NMs 
and size distribution depends on medium compo-
nents and the dispersion procedure.

In fact, the results obtained in Beas-2B were 
negative for all the genotoxicity endpoints while 
in A549 some positive findings were reported 
(Table 8.4 and Fig. 8.5).

The two longest MWCNTs, NM-401 and 
NM-402, showed genotoxic effects in A549 cells 
but not in Beas-2B cells and the remaining 
MWCNTs did not induce micronucleus forma-
tion in any of the cell lines. Several reports 
showed the ability of some MWCNTs to increase 
micronucleus formation in respiratory cells [6, 
44–46] but others described negative results 

Table 8.3 Hydrodynamic sizes of the batch dispersion of the MWCNTS in aqueous solution or its dilution in A549 or 
Beas-2B cell culture medium used for the genotoxicity assays

Concentration Zav, nm (mean±sd)

(μg/ml) Batch A549 medium Beas-2B medium

NM-400 2560 182.0 ± 2.1 – –

64 – 428.5 ± 34.8 2192.0 ± 604.3

256 – 774.9 ± 47.9 6817.0 ± 1457.0

NM-401 2560 1019.0 ± 78.8 – –

64 – 939.0 ± 79.7 1670.0 ± 168.5

256 – 1009.0 ± 31.4 2855.0 ± 473.1

NM-402 2560 202.0 ± 3.8 – –

64 – 533.8 ± 9.6 1308.0 ± 135.6

256 – 584.0 ± 26.5 4772.0 ± 1359.0

NM-403 2560 198.1 ± 3.9 – –

64 – 428.8 ± 13.7 1391.0 ± 87.0

256 – 562.9 ± 11.3 4336.0 ± 751.4

Zav- mean hydrodynamic size
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either after straight or tangled MWCNTs in the 
same assay [47]. Such inconsistencies have 
prompted the search further investigation focused 
on the properties that may underlie toxicity. 
However, in the work with respiratory cell lines, 
the correlation analysis did not reveal any signifi-
cant association between a given physicochemi-
cal property of the MWCNTs and the frequency 
of micronucleated A549 cells [28], similarly to 

what was previously observed in human lympho-
cytes [11].

Adding the results of micronucleus assay in 
human lymphocytes using the same standardized 
procedures (Table 8.2) to this comparison in 
respiratory cells, the conclusions become more 
unclear. In that case, RPMI medium was used 
(Gibco-Invitrogen, Carlsbad, CA) supplemented 
with fetal calf serum (15–20%, Gibco-Invitrogen) 

Fig. 8.4 Size-distribution of the batch dispersion of NM-402 (2560 μg/ml) or its dilution in A549 or Beas-2B cell 
culture medium (at a concentration of 256 μg/ml)

Table 8.4 Main results and the outcome in micronucleus assay in respiratory cells exposed to MWCNTs

A549 cells Beas-2B cells

MWCNT Genotoxicity ranking index Outcome Genotoxicity ranking index Outcome

NM-400 0 − 0 −
NM-401 1 + 0 −
NM-402 2 + 0 −
NM-403 0 − 0 −

Genotoxicity Ranking Index – number of concentrations with significant increases in micronucleus frequency (p < 0,05; 
2-sided Fisher); Outcome: + genotoxic effects; (+) equivocal genotoxic effects; − no effects.
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and phytohemaglutinin A (2.5%, Gibco- 
Invitrogen) and positive results were obtained for 
different MWCNTs as compared with A549. 
These discrepancies may reflect the intrinsic 
characteristics of the MWCNTs analysed in each 
report, their preparation for toxicological assays, 
or other factors related to experimental systems, 
such as the one here illustrated.

The question remains whether the differences 
observed in the several cell lines are due to speci-
ficities of the cell type, such as uptake capacity, 
or due to changes in cell culture medium and 
consequent impact on NMs mean size. While 
A549 are cancerous cells that may have under-
gone substantial modifications in their DNA 
damage response network, Beas-2B are non- 
cancerous cells. In addition, A549 were reported 
to have endocytic ability (Foster [43, 48]), and 
such mechanism may have contributed to a more 
efficient internalization/ uptake of CNTs. 
However, in one study MWCNT exerted adverse 
metabolic effects without being internalized by 
human epithelial and mesothelial pulmonary cell 
lines, not changing cell membrane permeability 
or apoptosis [49]. Besides, other authors showed 
that human normal bronchial epithelial cells and 
mesothelium cells endocytosed MWCNTs [50]. 

Concerning human lymphocytes, their uptake 
capacity has been discussed also [11].

The second hypothesis, of the changes in cell 
culture medium affecting the outcome, seems 
reasonable when considering the impact in 
hydrodynamic sizes of MWCNTs shown by 
DLS. The JRC considered that the size of the 
agglomerates formed was an endpoint not rele-
vant for characterizing MWCNTs [16]. Due to 
the morphological nature of MWCNTs, there is 
not a good understanding of what the size-spectra 
in DLS analyses represent. Even though, the cor-
responding sizes may be understood as hydrody-
namic equivalent size-distributions, which may 
be due to signals from more than one particle 
dimension as well as the catalyst contaminants 
[11]. Apparently, aggregated CNTs might pro-
duce a different effect because of the resulting 
change in bioavailability, width, length, surface 
area, shape, and other factors [9]. It is possible 
that the coarsest dispersions in Beas-2B cell 
medium may have negatively influenced the cell 
uptake of the CNTs, leading to mostly negative 
results in this cell line. The fact that the same 
MWCNT showed distinct genotoxic effects on 
different cell types, may also reflect, as suggested 
by some authors [12], a toxicological behaviour 

Fig. 8.5 Comparison of the micronucleus assay results following NM-402 exposure of A549 or Beas-2B cells [27]

H. Louro



135

that is “context dependent”, being affected by the 
surrounding matrix (pH, ionic strength, biomol-
ecules or macromolecules etc.). In agreement, a 
study described that culture medium type affects 
endocytosis of MWCNTs in Beas-2B cells and 
subsequent biological response, showing that 
cells cultured in serum-free medium did not 
internalize MWCNTs and the IC50 was increased 
by more than tenfold under these conditions [44].

In this way, the dynamic behaviour of NMs in 
physiological conditions, determining the 
agglomeration status of the suspension used, 
seems to lead to different genotoxic effects. 
Overall, our findings reporting different size- 
distributions depending on cell culture medium 
suggest that the primary physicochemical 
descriptors of NMs may not be the most appro-
priate to predict their toxicological behaviour. 
Therefore, to obtain results relevant for risk 
assessment, in vitro assays can be of limited 
value and one may suggest that only in vivo 
studies mimicking the route of exposure and 
physiological interactions can add relevant 
information.

8.5  Shifting from In Vitro 
Toxicology Assays to In Vivo 
Evidence

The previous section has illustrated the difficulty 
of using in vitro assays to obtain straightforward 
information relevant for hazard assessment, since 
within in vitro environment the NMs may not 
exhibit the same secondary characteristics occur-
ring in complex tissues or organisms, under phys-
iological conditions. Eukaryotic cells possess 
complex mechanisms and DNA damaging sur-
veillance molecules, or damage sensors, that acti-
vate and coordinate many aspects of the DNA 
damage response, including delay of cell cycle 
progression, activation of DNA repair pathways 
and induction of cell death, all of them conju-
gated in the same effort of maintaining the 
genomic stability [51], many times dependent on 
the interaction of several cell types within a tis-
sue. Once DNA damage occurs, a complex net-
work of repair functions is triggered to protect 

cells against the deleterious consequences of 
mutations, in order to maintain genomic stability. 
Although in vitro assays are of utmost impor-
tance for large-scale screening and for hazard 
identification, only in vivo methodologies 
account for all these events while in vitro meth-
odologies do not reflect the complexity of an 
organism concerning bioavailability, toxicokinet-
ics and immune responses. In this view, data 
from suitable in vivo assays are foreseen as use-
ful to evaluate the performance of in vitro assays 
and to strengthen the knowledge about the geno-
toxicity of chemicals and even more importantly, 
for nanomaterials, using several routes of expo-
sure, at a whole organism level [52]. It is expected 
that the application of in vivo assays in which 
in vitro results have been confirmed may validate 
the use of the in vitro methodologies in safety 
assessment and, in a near future, may provide 
alternative testing strategies.

For these reasons, in vivo genotoxicity assays 
have been recognized as important tools to evalu-
ate the carcinogenic potential of pharmaceuticals 
and environmental agents, while accounting for 
the complexity of an organism, including the 
route of exposure, variability among tissues and 
organs in physiological responses, metabolic and 
DNA repair capacities, etc., that can greatly influ-
ence the genotoxic effects in somatic and germi-
nal cells [52]. Therefore, in particular gene 
mutation assays in vivo can be used as follow-up 
tests to develop weight of evidence in assessing 
results of in vitro or in vivo assays [53, 54].

In the recent studies focused in understanding 
the genotoxicity of TiO2, no clear results were 
obtained for NM-102 in the in vitro assays above 
described, either in human lymphocytes [11] or 
in respiratory cell lines [55]. Subsequent in vivo 
investigation was the next option to try to clarify 
the safety of this NM and the LacZ-plasmid 
based transgenic mouse was selected as the 
model system for an integrated approach involv-
ing multiple endpoints, following repeated expo-
sure to NM-102 [57]. The LacZ-transgenic 
mouse line derives from the C57Bl/6 mouse and 
harbours the pUR288 plasmid shuttle vector 
(containing the LacZ reporter gene) that has the 
double role of being a target for mutations and a 
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reporter for their detection [56]. Mutation analy-
sis in the LacZ-transgene was used to access 
genotoxicity in the mouse liver and spleen tissues 
following daily doses of 15 mg/kg body weight 
of NM-102 for two consecutive days and tissues 
were sampled 28 days after the last treatment. In 
addition, micronucleus assay and the comet assay 
were used in vivo [57]. The latter methodology 
allows the detection of primary DNA lesions 
such as DNA single and double-strand breaks 
and provides complementary information on 
genotoxicity [58].

The results obtained for all the endpoints in 
the mouse model, together with the in vitro data 
obtained in the several cell types [55] are sum-
marized in Table 8.5.

In vitro, it was observed that the same NM, 
prepared using standardized procedures and dis-
persion protocols [24], yields different outcomes 
in blood or respiratory cell line. As described 
above, cell culture conditions may have different 
effects in secondary characteristics of the NMs, 
leading to the discrepant observations. Likewise, 
a Pubmed search reveals around 115 papers on 
this issue, showing contradictory information on 
genotoxicity testing of titanium dioxide NMs 
in vitro.

The in vivo exposure did not evidence any 
genotoxic effects in mouse liver, spleen or lym-
phocytes, under the experimental conditions 
used, either in micronucleus, comet or mutation 
assays [57]. However, the histopathological and 
cytological analyses performed in liver samples 
evidenced a moderate inflammatory response in 
the liver, together with the bioaccumulation of 
NM-102 in liver cells, as observed by TEM [57]. 
Using TEM analysis of liver samples, it was 

observed the uptake of the NMs in liver cells and 
that they were not eliminated by the organism 
(Fig. 8.6), as seen in the form of large clusters of 
NM-102 inside vesicles within the Kupffer cells 
of these mice [57].

Apparently, as discussed by Louro et al. [57], 
the NM overload induced an increase in the 
phagocytosis of particles by macrophages, prob-
ably as an attempt to eliminate them. Indeed, the 
accumulation of TiO2 particles inside Kupffer 
cells has been already described by other authors 
as well as in in organ parenchyma [59, 60] and 
the role of these macrophages in the removal of 
NMs from the blood has already been reported 
[61].

The issue of cellular uptake of NMs has long 
been discussed in the literature. Size-dependent 
cellular uptake of nanoparticles has been exten-
sively investigated in various cell lines because 
the nanoparticle size has been known to be a key 
determinant of the uptake pathways (reviewed in 
[62]). In theory, the penetration of NMs in cells is 
larger than the bulk materials, allowing crossing 
cellular membranes, even reaching the nucleus, 
where they can act directly on DNA. It has been 
described that anatase TiO2 accumulated human 
lung cells and forms DNA adducts [63]. 
Alternatively, NMs will remain in cells and will 
have access to nucleus during cell division. In 
fact, this type of events has been described for 
TiO2, that enter the nucleus and lead to the 
 formation of aggregates with intranuclear pro-
teins, leading to inhibition of replication, tran-
scription and cell proliferation (reviewed in [34, 
64]). Conversely, the NMs may lead to DNA 
lesions indirectly, through the induction of oxida-
tive stress and inflammatory responses.

Table 8.5 Main results and the outcome in cells or LacZ mice exposed to the titanium dioxide nanomaterial, NM-102

Human 
lymphocytes [11] A549 cells [55] Beas-2B cells [55] LacZ mice [57]

Micronucleus Micronucleus Comet Micronucleus Comet Micronucleus Comet Mutation

Genotox 
ranking 
index

1 0 2 0 3 0 0 0

Outcome (+) – + – + – – –

Genotoxicity Ranking Index – number of concentrations with significant increases in the endpoint. Outcome: + geno-
toxic effects; (+) equivocal genotoxic effects; − no effects
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In spite of the negative results in genotoxicity 
endpoints, the findings in vivo further suggested 
that a prolonged exposure and accumulation of 
NMs in vivo may lead to long-term toxicological 
consequences, thus in the future this hypothesis 
should be clarified. The negative results in the 
comet assay agree with the absence of a DNA 
damaging effect in rat lung cells [65] when the 
small sized anatase TiO2 (5 nm) was instilled 
intratracheally at low doses (1 or 5 mg/kg, single 
dose and 0.2 or 1 mg/kg once a week, for 
5 weeks). In addition, in lung cells from broncho- 
alveolar fluid of Wistar rats exposed by inhala-
tion to rutile TiO2, negative data were reported 
[66]. Male gpt Delta C57BL/6J mice adminis-
tered TiO2 (2, 10 or 50 mg/kg body weight per 
week) for four consecutive weeks did not indi-
cate genotoxic effects on mouse liver or bone 
marrow, in spite TiO2 were found in the liver in 
the sinuses and inside Kupffer cells [67]. 
However, recently the 10 nm anatase- exposed 
mice (repeated dose of 50 mg/kg/day for 3 days 
via intraperitoneal injection) induced genotoxic-
ity and genomic change in mouse, concomitantly 
with NMs accumulation in liver and lung tissues 
[68]. Furthermore, anatase TiO2 showed geno-
toxic effects both in vitro in lung cells (V79 cells) 
and in vivo in Sprague-Dawley rats via intragas-

tric administration (0, 10, 50 and 200 mg/kg body 
weight every day for 30 days) [69].

The overview of the research carried out for 
understanding NM-102 safety does not show a 
correlation between the results obtained in vitro 
and in vivo, and the extrapolation of data from 
in vitro to in vivo seems unfeasible. The moder-
ate genotoxicity detected in vitro in human lym-
phocytes or respiratory cells was not seen in vivo 
in blood, spleen or liver cells. Even though, 
in vitro studies based on standardized testing pro-
cedures are valued to contribute for the knowl-
edge of cell type-specific mechanisms and may 
also allow a first hazard identification to guide 
the risk assessment process. Recognizing the gap 
between in vitro and in vivo data that hampers the 
formulation of unambiguous conclusions on NM 
toxicity, some authors suggest the need of more 
reliable in vitro models with a higher predictive 
power, mimicking the in vivo environment more 
closely, such as air-liquid interface cellular mod-
els or 3D-cell cultures [70]. It is recognized that 
cells react differently to NM exposure when they 
are cultured in mono- or co-cultures and cultur-
ing cells in a 3D setup has a major influence on 
the cellular phenotype and function and therefore 
causes cells to react in a drastically different way 
to NM exposure [70]. In this way, such models 

Fig. 8.6 TEM 
microphotograph of 
hepatocyte showing 
NMs inside a 
mitochondrion. Mice 
were exposed to daily 
doses of 15 mg/kg body 
weight of NM-102 for 
two consecutive days 
and tissues were 
sampled 28 days after 
the last treatment. Scale 
bar 200 nm (Image 
credits: Elsa Alverca, 
INSA)
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are promising tools to allow extrapolation from 
in vitro to in vivo genotoxicity.

For risk assessment, in vivo results remain 
mandatory. While moving from in vitro studies to 
in vivo, the need to standardize the preparation of 
the samples to use for exposure remains, and the 
selection of the target organs to analyse and the 
dose-range selection is a challenge to allow the 
clear interpretation of the results. Shifting from 
in vitro studies to in vivo models harbours several 
constrains. The most relevant is the world-wide 
recognized need to reduce animal experimenta-
tion to the least possible, in a context where new 
NMs are expanding and need to be tested in a 
time- and cost-effectively way. A more realistic 
approach, which would require less testing and 
thus reduce the number of animals, is to first 
assess exposure levels and routes relevant for 
human health [71].

8.6  New Avenues 
for Understanding Nano- 
cellular Interactions

With the expansion of the NMs being developed 
and used throughout the world, human exposure 
is already a reality, since NMs are now used in 
many consumer products and in biomedicine and 
will continue to have a number of innovative 
applications in the future. Therefore, for under-
standing nano-cellular interactions, relevant for 
human health, a biomonitoring strategy needs to 
be implemented.

In fact, some measurements in occupational 
settings suggest that workers may be already 
exposed to significant amounts of carbon nano-
tubes [72–76], TiO2 and iron NMs [77, 78]. The 
latter study provided evidence of several elevated 
oxidative stress markers in exhaled breath con-
densate of workers exposed to NMs, showing an 
early biological effect that can have impact on 
human health.

Other exposure and effect biomarkers can be 
exploited using human cells obtained from 
exposed populations if a biomonitoring strategy 
would be designed. Three main types of biomark-
ers are usually considered: biomarkers of expo-

sure, biomarkers of effect and biomarkers of 
susceptibility [79].

The quantification of human exposure to 
nanomaterials is hampered by the difficulty to 
differentiate manufactured nanomaterials from 
other nanomaterials (incidental to processes or 
naturally occurring) and the lack of a single met-
ric that can be used for health risk assessment 
[80]. The assessment of consumers’ exposure to 
nanomaterials is even more challenging, since 
the materials contained in the products are mixed 
with other chemicals that affect the release and 
transfer and their bioavailability [80].

In addtion to environment determination of 
the NMs, using many of the methodologies depi-
tect in Table 8.1 it is possible to determine the 
level of exposure in human cells or tissues. Since 
the extent of NM uptake by cells of the target tis-
sue is dependent on the interactions at the nano- 
bio interface [79] the measurements obtained in 
samples of human blood or other cells can pro-
vide a realistic scenario of internal exposure. 
Concerning genotoxicity, biomarkers of early 
genetic effect such as chromosomal aberrations, 
micronucleus and comet assay can be used. 
While the chromosome aberration assay is time- 
and resource-requiring, the micronucleus assay 
using human blood seems a feasible option for 
detection of early genotoxic effects and has the 
advantage of detecting both direct and indirect 
genotoxic effects [79]. In addition, this assay has 
been shown to be predictive for cancer risk [81]. 
Newer versions on of the micronucleus assay 
allow using non-invasive methods for biomoni-
toring, while collecting for example exfoliated 
buccal mucosa cells that can be easily obtained 
[82]. In fact, in vitro, human oral mucosa buccal 
epithelial cells (TR146) have been successfully 
used to issue the toxicological effects of TiO2, 
allowing to discriminate NMs subcellular local-
ization, oxidative species production, inflamma-
tory responses, and induction of apoptosis 
accordingly to their chemical nature [83].

The use of a biomonitoring approach to NMs 
would mean a reversal of the actual in vitro-in 
vivo strategy for the safety assessment of NMs 
that could provide relevant in-depth information 
up to the molecular mechanisms of action of 
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NMs. Such an approach would require the identi-
fication of exposed populations, only possible if a 
registry of NMs use was available. However, the 
EU Member States did not agree on the creation 
of EU-wide registration of nanomaterials and 
only three Member States, namely France, 
Denmark and Belgium, have decided to adopt 
their own national register for nanomaterials. 
Other national legislation framework does not 
require it, thus future biomonitoring research 
may become compromised by the difficulty in 
mapping exposed populations.

8.7  Final Remarks

Correlating seemingly homogeneous group of 
NMs, which is separated into sub-groups accord-
ing to measurable characteristics, arise as a 
promising tool for risk assessment [12, 84]. This 
implies testing a large number of NMs from the 
same class, systematically varying a single prop-
erty, which will be feasible only by applying 
high-throughput technologies. Therefore, devel-
oping high throughput technologies focused on 
the study of these NMs remains a priority con-
cern for addressing potential human risks.

Although further investigation beyond the 
data here presented with larger panels of NMs is 
necessary, this work identified some correlations 
among the NMs properties that contribute for 
their genotoxicity. The dynamic behaviour of 
NMs in physiological conditions, determining 
the agglomeration status of the suspension used, 
seems to lead to different genotoxic effects. 
According to the data here presented, the main 
determinant of in vitro genotoxicity is then 
thought to be the size-distribution of the NMs 
that is dependent on the cellular environment. 
This major determinant, leading to variation of 
the results reported worldwide in in vitro studies, 
may undercover other primary properties that 
significantly influence the genotoxic outcome. 
Therefore, an in vivo approach based on realistic 
dose ranges and exposure routes might provide 
information more relevant for the safety assess-
ment of NMs. To identify the mentioned realistic 
exposure conditions, biomonitoring studies are 

of utmost importance and should be foreseen. For 
such, registry or monitoring, high quality infor-
mation on exposure is essential.

In conclusion, tackling the uncertainties of the 
innovative nanomaterials to public health implies 
the in-depth investigation of the nano-bio interac-
tions, where in vitro research must be integrated 
with in vivo and biomonitoring approaches, to 
cope with the complex dynamic behaviour of 
nanoscale materials.
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Abstract

The wider applications of nanoparticles (NPs) has evoked a world-wide 
concern due to their possible risk of toxicity in humans and other organ-
isms. Aggregation and accumulation of NPs into cell leads to their interac-
tion with biological macromolecules including proteins, nucleic acids and 
cellular organelles, which eventually induce  toxicological effects. 
Application of toxicogenomics to investigate molecular pathway-
based toxicological consequences has opened new vistas in nanotoxicol-
ogy research. Indeed, genomic approaches appeared as a new paradigm in 
terms of providing information at molecular levels and have been proven 
to be as a powerful tool for identification and quantification of global 
shifts in gene expression. Toxicological responses of NPs have been dis-
cussed in this chapter with the aim to provide a clear understanding of the 
molecular mechanism of NPs induced toxicity both in in vivo and in vitro 
test models.
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9.1  Introduction

Nanoparticles (NPs) have been defined as materi-
als having at least one dimension in the nanoscale 
(1–100  nm), bearing size-dependent physio-
chemical properties  different  than their bulk 
counterparts. NPs have high surface-to-volume 
ratio, which provide them high reactivity and 
physicochemical dynamicity. The advantageous 
properties of more complex NPs retain the poten-
tial to drawn enormous research from different 
fields for its application in medical diagnostics 
and treatments [1]. Several commercially avail-
able consumer products contains NPs, particu-
larly in cosmetics and sunscreens [2]. NPs have 
also been utilized in different areas of biology 
and medicine including tissue engineering, drug 
and delivery formulations, for hyperthermia 
induced tumor destruction, DNA structure probes 
and biosensors [3–5]. Nonetheless, there are 
uncertainties that the unique properties of NPs 
may also pose potential health risks in the occu-
pationally and non-occupationally exposed pop-
ulations [2].

With the greater demand of NPs, there is huge 
ambiguity related to their potential hazards 
towards environment and its different trophic lev-
els. Special concerns have been raised  on NPs 
mediated release of metal ions, reactive oxygen 
species (ROS) or its direct reactivity towards bio-
logical membranes [6, 7]. A major key question 
persisting with NPs toxicity is whether it is linked 
with the general properties shared by varying 
NPs or is it specific to individual NPs. Considering 
these facts, if toxicological effects are related to 
shape, agglomeration or the size of NP, then simi-
lar toxicological effects can be expected for dif-
ferent NPs [8]. On the other hand, if NPs 
composition controls the interaction, then defi-
nite toxicity would be expected [9, 10]. An under-
standing of the toxicological effects of each NPs 
is critical for any prediction of their immediate 
and long-term risks for humans upon occupa-
tional and consumer goods exposure (Fig. 9.1).

Exposure to NPs may occur during its produc-
tion via handling, aerosolization may also occur 
during energetic processes, such as vortexing, 
weighing, sonication, mixing and blending [11]. 

Hence, inhalation is considered a relevant route 
of exposure [11, 12]. Presence of the NPs in the 
body may induces pathophysiological changes 
that might contribute to the development of can-
cer [13], cardiovascular diseases [14], respiratory 
tract inflammation [15], neurodegenerative dis-
eases [16], and many other pathologies [17]. 
Researchers have summarized the potential 
mechanisms of nanotoxicity via greater ROS 
level and induction of inflammatory responses 
such as Parkinson’s disease [18]. NPs can also 
alter the permeability of blood brain barrier and 
re-translocate from the site of deposition to other 
parts of the body via circulatory or lymphatic 
system [19]. The actual prophecy of the adversity 
of NPs cellular exposure and uptake are still lack-
ing [20]. Cells can rapidly alter its transcriptomic 
output (gene expression profile) in response to 
extracellular and intracellular environmental 
changes, and get adapted for their survival and 
function. Nonetheless, biological functions and 
normal physiological activities can get disturbed 
under excessive environmental changes. 
Consequently, profiling of gene expression has 
been proven helpful in recognizing the NPs tox-
icity and its relevant molecular mechanism [21–
25]. Application of toxicogenomics in NPs 
research can significantly contribute to unravel 
the mechanistic action of toxicity, parallel to tra-
ditional approaches and other omic technologies. 
Quantitation of mRNA transcripts in NPs treated 
cells not only provide the mechanistic informa-
tion, rather it also provides “genetic fingerprint-
ing” from the pattern of gene expression that the 
NPs elicit in vitro and in vivo. In this chapter, we 
have discusssed the cellular toxicity of NPs and 
the importance of toxicogenomics approaches in 
nanotechnology and NPs induced alterations in 
transcriptomic profile reportedly studied based 
on the RNA-Seq, and microarray techniques.

9.2  Toxicogenomics 
in Nanoparticles Research

Several biomarkers including mRNA transcripts, 
protein and enzyme expressions have been 
widely applied as health indicators for the range 
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of human diseases, also it has been utilized to 
examine the xenobiotics induced changes in the 
health status of different model and non-model 
organisms [26–28]. The technology is based on 
the principle that the mRNA that codes for pro-
teins, are expressed differently in an unexposed 
organism, vis-a-vis  the xenobiotic exposed 
organisms. The quantification of genome-wide 
mRNA level by transcriptomic approaches 
involve the techniques like RNA sequencing 
(RNA-Seq) and oligonucleotide hybridization 
(microarray). Toxicogenomics, primarily 
 comprising the hybridization technologies, has 
been a preferred choice in modern toxicological 
research. The vast data output and pathway based 
information represents toxicogenomics as a pow-
erful approach, which has been used now for over 
decades for identifying novel mechanism of tox-
icity, disturbance in vital biological pathways, as 

well as biomarkers of toxicity [6]. In fact, the 
imperative benefit of toxicogenomics is the holis-
tic approach, which provides a platform for dis-
cerning the genetic level changes from the 
perspective of altered pathways and networks 
revealing the novel mechanisms of toxicity and 
toxic responses (Fig. 9.2).

9.3  Nanoparticles Toxicity 
Analysis by RNA-seq

RNA-seq, being a novel and state-of-the art tech-
nique, allows the robust quantification of RNA 
transcripts on a genome-wide level [29]. Several 
properties of RNA-seq viz. accuracy and higher 
dynamic range allow detection of alternative 
splicing, and no preexisting knowledge of the 
genomic sequence makes it more advantages 

Fig. 9.1 Cellular interaction and uptake of natural and anthropogenic NPs
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over microarray [29]. Consequently, the RNA- 
seq has recently gain entry into the field of nano-
toxicology, bound to supersede microarrays in 
the toxicogenomics field [30]. RNA-seq can gen-
erate vast inventory of gene transcripts employ-
ing bioinformatics, DNA sequencing and 
sequence databases [29]. The low-abundance 
transcripts (approximately 30% of most tran-
scriptomes) can easily be quantified by RNA-seq, 
also the technique can identify splice junctions 
and novel exons. RNA-seq accuracy and preci-
sion is equally comparable to quantitative real- 

time PCR [31, 32]. Data from various test models 
revealed that, about 40% changes in the protein 
level can be easily explained by knowing the 
mRNA abundance [33, 34]. Therefore, the appli-
cation of RNA-seq based transcriptome profiling 
in NPs toxicity can provide detailed and substan-
tial information, which can complement the 
results of other approaches.

The RNA-seq analysis of eukaryotic green 
alga Chlamydomonas reinhardtii exposed to 
metallic NPs (Ag, TiO2, ZnO and CdTe/CdS 
quantum dots) revealed specific and different 

Fig. 9.2 Toxicogenomic approaches for evaluation of NPs toxicity
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effects. Of the 1.2 × 108 total reads, 5.0 × 107 
(42%) mapped uniquely with a maximum of two 
mismatches and no deletions or insertions. 
Chlamydomonas reinhardtii exposed to TiO2, 
ZnO, Ag-NPs and quantum dots (QDs) exhibited 
96, 156, 141 and 49 upregulated genes, whereas 
80, 29, 86 and 55 genes were found downregu-
lated. NPs exposure (TiO2, ZnO, and QDs) 
increased the levels of transcripts encoding sub-
units of the proteasome, suggesting proteasome 
inhibition, which is regarded as inducer of sev-
eral major diseases, including Alzheimer’s dis-
ease, and used in chemotherapy against multiple 
myeloma [35]. The RNA-seq analysis of MCF-7 
cells treated with fullerene derivative too exhib-
ited strong negative effect on a number of funda-
mental and interconnected biological processes 
involved in cell growth and proliferation, mainly 
including mRNA transcription, protein synthesis/
maturation, and cell cycle progression. 
Comparatively, a fullerene derivative-1  in the 
same study exhibited no cytotoxicity, although 
some pathway overlaps were observed with a 
another fullerene derivative-2 (Fig. 9.3).

Gene ontology (GO) analysis of fullerene 
derivatives reveled the repression  of transcrip-
tional activators (DHX9, NR2F1, GATA4, AHR), 
pre-mRNA complex components (HNRNPM, 
WDR77, POP1) and the transcription elongator 
factor elongin A (TCEB3). Ribosome biogenesis 
was negatively affected, also the three fundamen-
tal genes of pre-rRNA (RRP9, BOP1, UTP20) 
responsible for the maturation and two major 
subunits of RNA polymerase III (POLR3B, 
POLR3G) were found down regulated. The down 
regulation of mentioned genes also repressed the 
protein synthesis, particularly the maturation 
(SEC11C, SRPRB) involved in the recognition 
and processing of signal peptide. In addition, 
molecular chaperones responsible for the folding 
of newly synthetized proteins, including HSP70 
(HSPA1A, HSPA8) and HSP90 (HSP90AA1) 
were down regulated [36].

RNA-seq of nano-hybrid (made of a gold 
nanoparticle core and a peptide coating; P12) 
treated human peripheral blood mononuclear 
cells (PBMNC) exhibited anti-inflammatory 
effects. Global gene expression of PBMNC 

exposed to P12 revealed suppression of 233 
genes upregulated by LPS stimulation, and 29 
genes downregulated by LPS. Overall, ca. 40% 
of genes that were upregulated by LPS in human 
PBMNC were suppressed by P12 (Fig. 9.4).

P12 exposure resulted in the activation of dif-
ferent signalling pathways including PKR, inter-
feron, TLR, chemokine, JAK-STAT and TNF 
[37]. Deep sequencing-based RNA-seq analysis 
indicated 45 differentially expressed genes in liv-
ing Hydra vulgaris, when exposed to SiO2-NPs. 
Among these genes, 29 transcripts were upregu-
lated (2-fold to 25-fold) and 16 were downregu-
lated (2.2-fold to 5-fold). The authors have 
concluded that a sizeable number of genes remain 
unknown, providing a valid source of functional 
information to be further investigated [38]. Fifth 
instar of silkworm (Bombyx mori) when exposed 
to TiO2-NPs exhibited differential expression of 
11,268 genes in the silkworm fat body, out of 
which 341 genes showed significant differences, 
among which 138 were upregulated and 203 
were downregulated (Fig.  9.5I). The GO map 
exhibited eleven biological processes accounting 
>10% of the annotated genes related to meta-
bolic, cellular and single-organism process show-
ing the highest percentages of annotated genes. 
Five cellular component subgroups >10% of 
annotated genes having cell, cell part and organ-
elle showing the highest percentages of annotated 
genes. Three molecular functions related to bind-
ing, catalytic activity and structural molecular 
activity accounted for 10% or more of annotated 
genes have been observed in the silkworm 
(Fig. 9.5II). Further processing the RNA-seq data 
by KEGG (Kyoto Encyclopedia of Genes and 
Genomes) scatterplots indicated significant 
enrichments of all differentially expressed genes. 
The major affected pathways by TiO2-NPs expo-
sure in silkworm, includes insulin signaling path-
way, which mediate primarily in insect growth 
and development, nutrient metabolism, lipids and 
carbohydrates homeostasis and protein synthesis 
(Fig.  9.5III) [39]. Transcriptome study on the 
effects of Ag+ and Ag-NPs in earthworm Eisenia 
fetida employing RNA-seq reveled that Ag+ 
verses control yielded 529 and 618 downregu-
lated and upregulated transcripts. Eisenia fetida 
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exposed to Ag-NPs verses control exhibited 237 
and 454 downregulated and upregulated tran-
scripts, while Ag-NP verses Ag+ showed 449 and 
758 downregulated and upregulated transcripts. 
These alterations were related with the toxicity 
through pathways related to sugar and protein 
metabolism, disruption of energy production, 
ribosome function, molecular stress and histones 
gene alteration [40].

9.4  Microarray Analysis 
of Nanoparticles Toxicity

Microarrays analysis of genome changes is based 
on the probe, which is a pre-prescribed set of tens 
of thousands of genes at once. Comparative to 
RNA-seq, microarray is relatively cheaper, allow-
ing multiple comparisons across treatments or 
individuals within an experiment. The transcrip-

Fig. 9.3 (a) Structures of the two fullerenes 1 and 2. (b) 
Principal component analysis showing the relationship 
between gene expression profiles of the six fullerene- 
treated and of the three control samples; a compound- 
dependent effect is visible, with fullerene 1 leading to 
minor effects compared to 2, as well as a time-dependent 
progressive deviation from the control samples. (c) Venn 
diagram depicting the differentially expressed genes iden-
tified by the Kal’s Z-test on proportions common to the 

different experimental time points. (d) Hierarchical clus-
tering of samples (Euclidean distance, complete linkage) 
based on the RNA-seq gene expression profiles (Reprinted 
from Toxicology, volume 314, Lucafò et al. [36], Profiling 
the molecular mechanism of fullerene cytotoxicity on 
tumor cells by RNA-seq, pages 183–192. Copyright 
(2013), with permission from Elsevier. See the reference 
list for full citation of proper credited)
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tomic profiling using GeneChip or microarray 
technique allow the analysis of global gene 
expression in NPs exposed and unexposed test 
models. Exposure of retinoblastoma cell line 
(Y-79) with etoposide loaded NPs formulations 
modulated its gene activity. Microarray analysis 
exhibited differential expression of genes, show-
ing upregulation of 171 genes, while 280 genes 
were found downregulated. The upregulated 
genes were mostly belonging to three groups 
including apoptosis, cell cycle and cell differen-
tiation, and cell migration [41]. Time dependent 
(24  h and 48  h) exposure of zebrafish embryo 
with Ag-NPs, Ag-bulk, and Ag+ exhibited differ-
ential expression of genes in the microarray anal-
ysis. After the 24  h post fertilization, embryos 

treated with Ag-NPs, Ag-bulk, and Ag+ exhibited 
35%, 71% and 89% of downregulated genes, 
while 65%, 29% and 11% genes were found 
upregulated. After 48 h of post fertilization 57%, 
43%, 61% of genes were downregulated, and 
43%, 57% and 39% genes were upregulated. The 
most significant over-represented in GO terms 
and KEGG pathways in all treatments at 24 h and 
48 h were ribosome and oxidative phosphoryla-
tion. The prominent overlaps revealed  that the 
toxicity of Ag-NP and Ag-bulk to zebrafish 
embryos has been predominantly associated with 
the toxicity of free Ag+ [25]. The microarray 
analysis of human THP-1 derived macrophages 
exposed to single walled carbon nano tubes 
(SWCNT) reveled statistical significance of gene 

Fig. 9.4 Impact of anti-inflammatory nanoparticle P12 
treatment on RNA-Seq transcriptome analysis of LPS- 
stimulated human PBMC. (a) Novel peptide-decorated 
nanoparticle hybrids with different surface chemistry 
(P12 vs. P13). (b) PCA plot. (c) Venn diagrams. (d) 
Differential expression profiles of top 33 genes (p < 2.6 × 

10−15 and fold change >1.5) (Reprinted from Biomaterials, 
volume 111, Yang et al. [37], Endosomal pH modulation 
by peptide-gold nanoparticle hybrids enables potent anti- 
inflammatory activity in phagocytic immune cells, pages 
90–102, Copyright (2016), with permission from Elsevier. 
See the reference list for full citation of proper credited)
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Fig. 9.5 (a) Statistical chart of significantly differentially 
expressed genes. A- represents the control group, while 
B- represents the experimental group. RPKM indicates the 
gene expression in samples. Red represents the upregu-
lated genes in the figure; green represents downregulated 
genes; blue represents genes without significant differ-
ences. (b) Functional classification of significantly differ-
entially expressed genes. A- represents the control group 
while B- represents the TiO2-NP treatment group. The 
right ordinate represents the number of genes, with the 
maximum value of 121 indicating that a total of 121 genes 
underwent GO function classification. The left vertical 
axis represents the percentage of genes, indicating the per-
centage of functional genes to all annotated genes. (c) 
Scatter plot of KEGG pathway enrichment statistics. A- 
represents control group, and B- represents experimental 

group. Rich factor is the ratio of numbers of differentially 
expressed genes annotated in this pathway term to the 
numbers of all genes annotated in this pathway term. 
Greater rich factor means greater intensiveness. Q-value 
is corrected P-value ranging from 0 to 1, with a lower 
value means greater intensiveness. Top 20 pathway terms 
enriched are displayed in the figure (Adopted from 
Figs. 9.1, 9.2, and 9.3 of Tian et al. [39] (Copyright and 
Permission granted from the Biology Open Journal under 
the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/3.0), which per-
mits unrestricted use, distribution and reproduction in any 
medium provided that the original work is properly attrib-
uted) (See the reference list for full citation of proper 
credited)

S. Dwivedi et al.

http://creativecommons.org/licenses/by/3.0
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expression. Authors have analyzed the abundance 
changes in 406 pathways archived in KEGG and 
BioCarta databases. Microarray data exhibited 
significant alterations of at least 23 different vital 
pathways in SWCNT treated THP-1 derived 
macrophages. Considering the network data, 
authors have suggested that SWCNT uptake into 
macrophages activated the nuclear factor κB 
(NF-κB) and activator protein 1 (AP-1), leading 
to oxidative stress, proinflammatory cytokines 
activation, recruitment of leukocytes, induction 
of apoptotic genes and T cells [42].

In the same connection, human macrophage 
cell line exposed to 5 and 100 nm Ag-NPs were 
analyzed for approximately 28,000 cDNA pro-
files using GeneChip(R). Array profile revealed 
the expression of 45 genes between 5 nm Ag-NPs 
and the control, and 30 genes between 5 and 
100 nm Ag-NPs. The stress genes (HSP, HO, MT) 
and one cytokine gene (IL-8) were the top 
expressed genes in 5  nm Ag-NPs treated cells. 
Also, the expression of HO1, HSP-70 and MT-1E 
RNA was significantly increased as the log2 ratio 
>2.0. IL-8 was the only cytokine gene that was 
significantly induced among more than 70 cyto-
kines [43]. Whole genome microarray analysis of 
the early gene expression changes induced by 10 
and 500 nm amorphous silica NPs exhibited that 
the magnitude of change for the majority of genes 
affected were more tightly correlated with particle 
surface area, rather than either particle mass or 
number. The microarray data exhibited significant 
alteration of 503 and 502 genes by at least two-
fold with either 10 or 500  nm silica NPs. The 
union of these gene sets included 753 genes, with 
252 genes overlapping between the two particle 
size groups. Genes which were highly affected 
are known to play important role in lung inflam-
mation, including Cxcl2, Ccl4 (MIP-1β) and Ccl3 
(MIP-1α), along with the chemokine receptor 
Cxcr4. Nonetheless, gene set enrichment analysis 
revealed that among 1009 total biological pro-
cesses, none were statistically enriched in one 
particle size group over the other [44]. Global 
gene expression of 11  nm dimercaptosuccinic 
acid (DMSA)-coated Fe-NPs on two cells (THP-1 
and HepG2) revealed differential responses. 
Within ten top upregulated genes, Fe-NPs treated 

THP-1 cells induced maximum upregulation of 
Cxcl13, a humoral immune response gene. Other 
immune response genes upregulated were 
Adamdec1, Ly96, Ifi44l, Ebi3, Clec7a. While, in 
HepG2 cells treated with low and high doses of 
Fe-NPs induced maximum upregulation three 
genes (Ifi27, Tagln and Ifi6I) (Fig. 9.6I). Four way 
Venn diagram revealed that two genes (Ddx58 
and Ifi27) were commonly induced by low and 
high doses of FeNPs in both cell lines (Fig. 9.6IIa). 
Eleven genes (Ddx58, Ifi44, Fbxo16, Parp9, Ifit3, 
Serpini1, Ifi27, Nexn, Usp25, Rg9mtd2 Ccne2) 
were commonly induced by low dose of FeNPs in 
both cell lines. On the other hand, ten genes 
(Tmed2, Ifi27, Ddx58, Akap12, Nampt, Narg1, 
Usp16, Ifi6, Col9a2, and Zcchc2) were commonly 
induced by high dose of Fe-NPs in THP-1 and 
HepG2 cells. However, no genes were commonly 
repressed at both doses of Fe-NPs in the cell lines 
(Fig. 9.6IIb). The authors also developed a heat 
map of top 55 genes commonly regulated in these 
two cell lines. The hierarchical clustering revealed 
that these genes were classified into four clusters. 
Some genes were steadily upregulated or down-
regulated in both types of cells, indicating cell- 
independent effects. Whereas some genes were 
inversely regulated in the two cell lines, suggest-
ing cell-specific effects of the Fe-NPs (Fig. 9.7I). 
Interestingly, the authors have reported that 
Fe-NPs significantly enrich the hepatitis C path-
way at both doses of treatments in the THP-1 cells 
(Fig. 9.7II) [45].

Kedziorek et  al. [21] have examined the 
genome changes in LacZ-expressing mouse NSC 
cell line C17.2 exposed to superparamagnetic 
iron oxide nanoparticles (SPIONs). Microarray 
analysis of 2695 probe sets, representing 1399 
genes, revealed that genes belonging to molecu-
lar functions of the cell describing activities such 
as catalytic reactions or binding that occur at the 
molecular level were significantly affected by the 
SPIONs exposure. A significant change in 970 
genes of cellular function, 299 genes of gene 
expression, 312 genes of developmental, 431 
genes of biologic regulation and 685 genes 
belonging to metabolic processes, have been 
reported. The treated cells also exhibited signifi-
cant alterations in genes belonging to secretion, 

9 Toxicogenomics: A New Paradigm for Nanotoxicity Evaluation
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Fig. 9.6 Panel I showing the top 10 genes with the high-
est expression changes in the two cell types after treat-
ment with Fe-NPs. (a, b) Induced genes in the THP-1 
cells. (c, d) Induced genes in the HepG2 cells. (e, f) 
Repressed genes in the THP-1 cells. (g, h) Repressed 
genes in the HepG2 cells. 50-up and 100-up: induced 
genes in cells treated with 50 μg/mL and 100 μg/mL of 
FeNPs, respectively; 50-down and 100-down: repressed 
genes in cells treated with 50 μg/mL and 100 μg/mL of 
FeNPs, respectively. Some uncharacterized genes with 
fold changes greater than the lowest fold changes in these 
plots are not shown in this figure. Panel II Comparison of 
FeRGs in the THP-1 and HepG2 cells. a Comparison of 
induced genes in the two cell lines. b Comparison of 
repressed genes in the two cell lines. Each Venn diagram 
is divided into four areas labeled as T-50, T-100, H-50 and 

H-100. T-50 and T-100, THP-1 treated with 50 μg/mL and 
100  μg/mL of FeNPs, respectively. H-50 and H-100, 
HepG2 cells treated with 50 μg/mL and 100 μg/mL of 
FeNPs, respectively. The number in overlapped area rep-
resents the overlapping genes. The numbers before and 
after the slash represent the genes with fold changes 
greater than 2 and 1.5, respectively (Reused from Figs. 9.3 
and 9.4 of Zhang et  al. [45] (Copyright and Permission 
granted from the Journal of Nanobiotechnology under the 
terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which per-
mits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cred-
ited) (See the reference list for full citation of proper 
credited)

http://creativecommons.org/licenses/by/4.0
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transport, locomotion, reproductive processes, 
and establishment of localization. In addition, the 
expressions of heme oxygenase 1 (Hmox1) and 
transferrin receptor 1 (Tfrc) were repressed, 
while, genes responsible for detoxification (Clu, 
Cp, Gstm2, and Mgst1) and lysosomal function 
(Sulf1) were upregulated at later time points. Liu 
and Wang [24] have studied changes in the global 
gene expression of mouse macrophage 
(RAW264.7 cells) exposed to DMSA-Coated 
Fe3O4-NPs using GeneChips Mouse Genome 430 
2.0 microarrays. The GO analysis revealed that 
several molecular functions and biological pro-
cesses pertaining to metal ion transmembrane 
transporter activity, especially Fe ion transmem-

brane transporter activity and Fe ion binding, 
were significantly enriched in all DEGs. Tfrc, Trf, 
and Lcn2 genes important to iron metabolism 
were frequently found in the GO terms. The 
microarray data of lung epithelial cell line (A549) 
exposed to 12.1 μg/ml Ag-NPs (EC20) for 24 and 
48  h exhibited altered gene regulation of more 
than 1000 genes (>2-fold), while considerably 
fewer genes responded to Ag+ (133 genes). The 
upregulated genes were belonging to the mem-
bers of heat shock protein, metallothionein and 
histone families [23]. Human skin fibroblasts 
(HSF42) and human embryonic lung fibroblasts 
(IMR-90), both untransformed cells were 
exposed to multiwalled carbon nanotubes 

Fig. 9.7 (I) Cluster analysis of genes. Fifty-five FeRGs 
from the two cell lines were clustered according to their 
expression levels using a hierarchical clustering. The 
heatmap was drawn with Java TreeView. Red and green 
represent up- and down-regulation, respectively. The 
color depth reflects the expression level between −3 and 
+3 (marker). The numbers of genes in Clusters A to D are 
shown in parentheses. The fold changes of ten representa-
tive genes in four clusters are shown in the zoomed 
images. (II) KEGG pathway of hepatitis C in the FeNP- 
treated THP-1 cells. The genes in red refer to the FeRGs 
induced by 100 μg/mL of FeNPs. The genes in yellow 

refer to the FeRGs induced by both 50 μg/mL and 100 μg/
mL of FeNPs. Abbreviations for the KEGG parameters 
can be found on the KEGG pathway webpage (Reused 
from Figs. 9.6 and 11 of Zhang et al. [45] (Copyright and 
Permission granted from the Journal of Nanobiotechnology 
under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and repro-
duction in any medium, provided the original work is 
properly credited) (See the reference list for full citation 
of proper credited)
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(MWCNTs) and multiwalled carbon nano-onions 
(MWCNOs) exhibited profound gene expression 
changes, analyzed on new generation Affymetrix 
HTA GeneChip system. The low doses of both 
materials induced expressional changes in genes 
of secretory pathway, protein metabolism, golgi 
vesicle transport, fatty acid biosynthesis, and 
G1/S transition of mitotic cell cycle. Also, an 
additional group of genes, involved in protein 
ubiquitination was found upregulated. Contrarily, 
high doses upregulated the genes in tRNA ami-
noacylation and amino acid metabolism path-
ways. Genes of inflammatory and immune 
response were also found upregulated [46].

BV2 microglia, which is an immortalized 
mouse cell line, when exposed to a mixture of 
anatase (70%) and rutile (30%) TiO2-NPs 
(Degussia P25) exhibited global gene expres-
sional changes in the microarray. The core canon-
ical analysis reveled that BV2 exposed to P25 
upregulated the signaling processes involved in 
B-cell death, ERK/MAPK receptors, apoptosis, 
calcium, and inflammation. P25 up-regulated the 
inflammatory (NF-κB), cell cycling and pro- 
apoptotic toxicity pathways. Core analysis of P25 
induced downregulation of genes exhibited alter-
ation of adaptive change and key energy produc-
tion pathways, mainly associated with hypoxia, 
peroxisomes, and Nrf2-mediated oxidative stress 
[47]. In microarray analysis, male Sprague- 
Dawley rats fed with Synthetic Amorphous Silica 
(SAS) and NM-202 (a representative nanostruc-
tured silica for OECD testing) for 24 and 84 days 
exhibited non significant gene alteration in jeju-
nal epithelial samples and liver homogenates. 
Although, fibrosis-related gene expression was 
significantly affected for NM-202 treated ani-
mals after 84-days of exposure, but not for SAS 
treated animals [48]. Osmond-McLeod et al. [49] 
demonstrated the transcriptome changes by the 
application of NPs based sunscreens. Mice 
treated with both the TiO2-NPs sunscreen and 
UVR exposure (TiO2-NPs + UVR) showed very 
low levels of differential regulation, as compared 
to untreated mice (Control-UVR) (14 genes). 
Pathway analysis exhibited that three of the top 5 
canonical pathways in TiO2-NPs + UVR were 
linked with metabolic functions (Heme 

Biosynthesis II; Tetrapyrrole Biosynthesis II; 
Mevalonate Pathway I). In addition, breast can-
cer regulation Stathmin1 and circadian rhythm 
signalling were also affected in the canonical 
pathways. While, ZnO-NPs sunscreen with UVR 
(ZnO-NPs + UVR) and ZnO-NPs sunscreen 
without UVR (ZnO-NPs-UVR) did not showed 
any transcriptome alterations [49].

HaCaT cells exposed to tungsten carbide 
(WC) and tungsten carbide cobalt (WC-Co) NPs 
exhibited whole genome transcription altera-
tions. Fluorescence signal of microarray in all 
treatments revealed  1956 upregulated and 1146 
downregulated differentially expressed genes, 
with more than two-fold expression level. HaCaT 
cells exposure to CoCl2 salt, as metal source of 
Co induced strongest changes in the gene expres-
sion (373 and 826 genes for 3 h and 3 day) fol-
lowed by WC-Co (37 and 248) and WC-NPs (28 
and 49), respectively. Data analysis by enrich-
ment method exhibited the fact that differentially 
expressed genes were related to hypoxia, endo-
crine pathways, carbohydrate metabolism, and 
targets of several transcription factors [50]. 
Human lung epithelial cells (A549) exposed to 
silica-NPs exhibited a dose dependent response, 
ranging from 5 to 2258 significantly differen-
tially modulated transcripts compared with con-
trols, with a fold change of at least 1.5 and p-value 
<0.05. Canonical analysis exhibited the coagula-
tion system and intrinsic and extrinsic prothrom-
bin activation pathways as most highly altered. 
Additionally, the acute phase response, xenobi-
otic metabolism, TREM1 signaling pathways and 
oxidative stress response were altered. The 
authors have extended the transcriptome into 
exproteome to understanding the NPs effect on 
proteins. Heat-shock proteins (HSP70 and 
HSP90), detoxification enzymes such as glutathi-
one reductase (GSR), glutathione S-transferase 
(GSTP1), lactate dehydrogenase (LDHA), perox-
iredoxins (PRDX1, PRDX6), thioredoxin reduc-
tase (TRXR1), protein disulfide isomerase 
(PDIA6), and aldo-keto reductases (AKR1B1, 
AKR1B10, AKR1C1/C2, and AKR1C3) were 
found as affected proteins in the exproteome 
analysis [51]. Human intestinal epithelium model 
(Caco-2) cell line, when exposed to pristine  
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(surface untreated) CeO2-NPs exhibited 1643 
modified genes. Comparatively, the manufac-
tured CeO2 Nanobyk™ NPs in the same study 
have not affected the gene regulation, while 344 
and 428 modified genes were found for light 
(NB-DL) and acid (NB-DA) degraded CeO2 
Nanobyk™ NPs. Pristine CeO2-NPs exhibited 
changes in the cellular growth and proliferation 
(274 genes) and cell death (265 genes) biological 
process. The canonical pathway analysis of pris-
tine CeO2-NPs revealed that it alters the mito-
chondrial function through the under expression 
of 27 genes of complexes I, III, IV and V [52]. 
Fisichella et  al. [53] in their previous study on 
pangenomic oligomicroarrays (4 × 44,000 genes) 
demonstrated that TiO2-STNPs have not altered 
the gene expression of Caco-2 cells when exposed 
to the highest concentration of 10 μg/ml.

Al2O3-NPs exposed human bronchial epithe-
lial (HBE) cells significantly increased expression 
of 54 genes and decreased expression of 304 
genes. GO analysis unravel the fact that total 
genes encoding proteins necessary for mitochon-
drial function were differentially expressed. 
KEGG pathway enrichment analysis of these 27 
genes of mitochondrial function and neural sys-
tem disease were significantly enriched. NDUFA2, 
NDUFS, NDUFC2, NDUFA1, NDUFA4, 
UQCR11 (complex III), COX7B, COX17 (com-
plex IV) and ATP5H (complex V, F0 unit) were 
among the most affected genes (Fig. 9.8) [54].

Global gene expression in the HepG2 cells 
upon 20 and 50 nm Ag-NPs treatment exhibited 
differential regulation of genes. After short expo-
sure of 4 h, the 20 nm Ag-NPs induced alterations 
of 811 genes, out of which 649 were upregulated 
and 162 were downregulated. Comparatively, the 
50  nm Ag-NPs treatment induced stark differ-
ence, only 21 genes were altered and all of them 
were upregulated. Extended exposure of 24 h did 
not made any massive alterations in the gene 
expression by both sizes of Ag-NPs. Overlapping 
of DEGs exhibited alterations of five common 
genes after 4 and 24 h of 20 nm Ag-NPs expo-
sure, including members of the metallothionein 
(MT) family (MT1B, MT1F, MT1G, MT1M and 
MT2A). The 50 nm Ag-NPs exposure also showed 
four common genes of MT family, except an 

additional activation of SOX4 gene. Overall, 
MT1B and MT1M were shared by all treatment 
groups. Out of 108 GO terms derived from the 
649 upregulated genes in 4 h 20 nm of Ag-NPs 
revealed 23 categories, on top listed the metabo-
lism (47%), development (19%), protein metabo-
lism (15%), cell differentiation (13%), 
biosynthesis (11%), death (9%) and cell commu-
nication (9%). The 162 downregulated genes 
exhibited 21 groups of GO terms enrichment, 
classified into 9 categories, mostly similar to 
upregulated GO terms, but with different percent-
age and orders. Within the pathways analysis, 
Ag-NPs affected the endocytosis, MAPK, TGF-β, 
p53 signalling pathways, pathways in cancer and 
NFR2-mediated oxidative stress response [55].

9.5  Toxicological Potential 
of Nanoparticles

The gene expression profiling of TiO2-NPs of 
varying sizes and surface properties has been 
reported to induce pulmonary inflammation. 
However, the different TiO2-NPs vary in the mag-
nitude of the inflammatory response induced in a 
property-dependent manner [56]. Our recent 
studies demonstrated that TiO2-NPs preferen-
tially bind in subdomains IB, IIA of HSA and 
minor groove of DNA [57]. TiO2-NPs might be 
able to enter the human stratum corneum and 
interact with the immune system. Silica NPs are 
used in the synthesis of cosmetics, foods, drugs, 
and printing ink tonners, on a large industrial 
scale. The nanotoxicity of crystalline silica 
causes chronic obstructive pulmonary diseases 
such as silicosis [58]. Silica NPs exists in the 
nature in many diverse forms [59, 60]. Fumed 
silica showed dose dependent accumulation of 
alveolar macrophages [61–63]. Cerium oxides 
(CeO2)-NPs are one of the most widely used 
types for UV protection in paints or as fuel addi-
tives [64, 65]. CeO2-NPs can be used as a scaven-
ger of superoxide anions [66, 67]. CeO2-NPs 
were shown to exhibit superoxide dismutase 
(SOD) and catalase enzymes mimetic activities 
in a redox-state dependent manner. CeO2-NPs 
has been shown to hold the neuroprotective 
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Fig. 9.8 (a) KEGG pathway enrichment analysis of 
mitochondria related genes. a A total of 27 mitochondria 
related genes were analyzed through DAVID functional 
annotation cluster tool. These genes mainly are involved 
in five KEGG pathways. (b) Oxidative phosphorylation is 
the most significant enrichment. b A schematic figure of 
the oxidative phosphorylation pathway by KEGG. mRNA 
microarray assay predicted up-regulated genes are stained 

red, and down-regulated genes are stained blue in this 
schematic figure (Reused from Fig. 9.2 of Li et al. [54] 
(Copyright and Permission granted from the Particle and 
Fibre Toxicology (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work 
is properly credited). (See the reference list for full cita-
tion of proper credited)
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effects [68]. On the other hand, CeO2-NPs has 
been reported to be cytotoxic to human hepatoma 
cells [69].

Ag-NPs have antimicrobial activity and are 
used in food packaging material, food 
 supplements, odour-preventing textiles, cosmet-
ics, kitchen utensils, toys, electronics, wound 
dressings, and room sprays [70]. Ag-NPs released 
Ag ions to exert antimicrobial properties by bind-
ing to sulphur- and phosphorous containing bio-
molecules and also causing damage to mammalian 
cells [71–75]. The in  vivo inhalation data of 
Ag-NPs showing varied results from a minimal 
inflammatory response to the presence of inflam-
matory lesions in the lungs [76–79]. There are 
studies indicating that the dose-dependent 
increase of Ag-NPs might stimulate toxicity in 
the different organs [77, 78]. It has been hypoth-
esized that small Ag-NPs will induce more prom-
inent pulmonary toxicity compared to larger Ag 
particles because of the larger deposited dose in 
the alveoli and the higher dissolution rate. The 
dissolution of Ag-NPs depends on their particle 
size, the pH of the solution, the ions present in the 
solution [80–84]. The in vitro results  show that 
the dissolution rate of the 15  nm Ag-NPs will 
probably be higher compared to the 410  nm 
Ag-NPs resulting in an increased ion release. 
None of the studies report complete dissolution 
of Ag-NPs, the effects observed after exposure to 
Ag-NPs can be induced by the released ions, the 
Ag-NPs itself or a combination of both [85]. Ag 
ions released from Ag-NPs caused more damage 
inside the nucleus as compared to Ag ions 
released from silver nitrate [86–88].

The harmful effects of carbon nanotubes 
(CNTs) to animals and cells appeared almost a 
decade ago [89]. Several mechanisms of toxicity, 
similar to the ones linked to asbestos-exposure, 
have been proposed for CNTs, such as (i) associa-
tion of fibres with the cell membrane causing 
physical damage and cell membrane malfunction, 
(ii) protein-fibre interaction inhibiting protein 
function, and (iii) induction of ROS, either 
directly by the CNTs themselves or indirectly 
through mitochondrial dysfunctions or NADPH 
oxidase activation induced by so-called frustrated 
phagocytosis in e.g. macrophages [90–92]. It 

seems probable that a combination of different 
mechanisms could contribute to the toxicity of 
CNTs, as it has been considered to be the case 
with asbestos [93]. Multiwalled CNTs are effi-
cient scavengers of •OH and superoxide (•O2

−) 
radicals in cell-free conditions [94]. The genera-
tion of free radicals by CNTs was suggested to be 
related to the amount and nature of defects in the 
CNTs, i.e. ruptures of the graphene framework 
[94]. In contrast, ROS formation by single walled 
CNTs was observed in cell media with and with-
out FE1-Muta™ Mouse lung epithelial cells, at 
intermediate levels between that of Printex 90 and 
C60 fullerene and correlated with the order of 
genotoxicity [95]. Our toxicogenomic analysis on 
ZnFe2O4-NPs reveled its cytotoxicity and apopto-
sis through ROS generation and oxidative stress 
via p53, survivin, bax/bcl-2 and caspase pathways 
in WISH cells [96]. We have also demonstrated 
that ZnO-NPs have the potential to induce DNA 
damage and alter the mitochondrial membrane 
potential of human lymphocytes [97]. Previously, 
we have reported that ZnO-QDs can induce dose 
dependent apoptosis induction in C2C12, HepG2 
and MCF-7 cells via oxidative stress and altera-
tions of apoptosis related genes [98, 99].

9.6  Conclusion and Future 
Perspective

The incessant use of NPs in various sectors and 
life domains may pose serious threats to ecosys-
tem and adversely affect the living entities via 
interactions and accumulation of nanomaterials 
in the body of the organisms. Toxicogenomics 
approach notably contributes to our understand-
ing of genetic changes at molecular levels. 
Significant change in the gene expression levels 
due to the NPs treatment provides information 
related to biochemical pathways and mechanism 
of action of nanotoxicants. Differential  gene 
expression pattern may also yield molecular fin-
gerprints  of these nanotoxicants both with the 
in vitro and in vivo test model systems. Thus, the 
toxicogenomic methods have the power and 
potential to change nanotoxicology  research 
landscape.
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Abstract
Nickel oxide nanoparticles (NiO-NPs) are increasingly used and concerns 
have been raised on its toxicity. Although a few studies have reported the 
toxicity of NiO-NPs, a comprehensive understanding of NiO-NPs toxicity 
in human cells is still lagging. In this study, we integrated transcriptomic 
approach and genotoxic evidence to depict the mechanism of NiO-NPs 
toxicity in human hepatocellular carcinoma (HepG2) cells. DNA damage 
analysis was done using comet assay, which showed 26-fold greater tail 
moment in HepG2 cells at the highest concentration of 100 μg/ml. Flow 
cytometric analysis showed concentration dependent enhancement in 
intracellular reactive oxygen species (ROS). Real-time PCR analysis of 
apoptotic (p53, bax, bcl2) and oxidative stress (SOD1) genes showed tran-
scriptional upregulation. Transcriptome analysis using qPCR array showed 
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over expression of mRNA transcripts related to six different cellular path-
ways. Our data unequivocally suggests that NiO-NPs induces oxidative 
stress, DNA damage, apoptosis and transcriptome alterations in HepG2 
cells.

Keywords
Nanotoxicity · Apoptosis · DNA damage · Oxidative stress · Transcriptome 
· Nickel Oxide Nanoparticles · NiO

10.1  Introduction

In recent years’ nanotechnology has exhibited 
exponential growth in various sectors to accom-
plish market commodities with higher prospec-
tive applications [1]. At least thousand consumer 
products are available which contains nanoparti-
cles (NPs), ranging from everyday household 
items to medical diagnostic tools, imaging, drug 
delivery and aerospace engineering [2, 3]. 
Compared to the bulk counterpart, the small size 
and large specific surface area of NPs endow 
them with high chemical reactivity and intrinsic 
toxicity. Such unique physiochemical properties 
of NPs draw global attention of scientists and 
environmental watchdogs to keep concern about 
NPs potential risks and adverse effect on human 
health [4]. NPs find route to human body via skin 
penetration, ingestion, inhalation or injection and 
interact with cellular organelles for longer time 
period [5]. Consequently, NPs have been found 
to effortlessly interact with cells and organs by 
various mechanisms [6]. Since methodologies for 
exposure assessment are non-consistent, the toxi-
cological research on NPs is still lagging. 
Therefore, in order to plug the gap between 
development and toxicity of NPs, a major effort 
is needed to study the effects of exposure to NPs.

In this study, we have selected nickel oxide 
nanoparticles (NiO-NPs) owing to its increasing 
application in ceramic material, catalysts, elec-
tronic component and biosensors [7–9]. Despite 
its wide use, NiO-NPs has raised concerns about 
its adverse effects on the environment and human 
health. NiO-NPs generated from welding fumes 
during the coastal region developments were 
considered as a potential nano-pollution source 
in coastal seawaters (IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans). 

Direct aerial emission of NiO-NPs has the ten-
dency to pollute surface waters through leakages, 
spills and indirect storm-water runoff from land 
[10]. The metallic Ni-NPs has been recently used 
to catalyze the reversible hydration of CO2 to car-
bonic acid, which is holding extreme importance 
in CO2 capture technologies and mineralization 
processes. These advantages led to its utilization 
to point flue sources like air-conditions outlets on 
top of building or power plants [11, 12]. Being 
the 24th most abundant element in the Earth crust, 
nickel compounds (NiSO4, NiO, nickel hydrox-
ides and crystalline nickel) are well known as an 
environmental pollutant and classified as carci-
nogenic agents to humans (Group 1) by the 
International Agency for Research on Cancer 
(IARC) [13]. The in  vivo studies on NiO-NPs 
have been mostly focused on pulmonary pathol-
ogy. Female Wistar rats intratracheally instilled 
with NiO-NPs exhibited a significant increase in 
the bronchiolar alveolar lavage fluid (BLAF), 
activation of IL-1β, IFN-Ƴ, MIP-2 and histologi-
cal changes [14]. A short-term exposure of rats to 
500 cm2/ml of NiO-NPs induced polymorphonu-
clear neutrophils in the BALF [15]. Inhalation 
exposure of rats with NiO-NPs in nebulizer 
chamber exhibited biopersistance of NPs in lungs 
and inflammatory responses [16]. Long term 
intratracheally instillation of NiO-NPs in rats 
exhibited increased vacuolization in alveolar 
macrophages and CINC-1 concentrations [17]. 
Wistar rats instilled with NiO-NPs after 4 days of 
exposure  showed eosinophilic and neutrophilic 
inflammation, along with release of eotaxin and 
cellular disintegration by the release of Ni ions 
[18]. Female Wistar rats exposed by pharyngeal 
route to NiO-NPs showed enhanced proinflam-
matory cytokines, LDH, lymphocytes, polymor-
phonuclear leukocytes in BALF [19]. DNA 
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damage and low expression of HO-1 and Nrf2 
proteins were observed in Male Sprague Dawley 
rats when intratracheally instilled with Ni-NPs 
for two weeks. In addition, the animals showed 
alterations in the normal morphology of lungs, 
liver and kidneys [20]. Ultrafine-size particles 
and NiO-NPs of nickel compounds have greater 
bioavailability and toxicity as compared to its 
fine-size nickel compounds [21]. We have 
recently reported that NiO-NPs induces liver tox-
icity, cytogenetic anomalies and apoptosis via 
p53, MAPK, caspase 8 and 3 signalling in rats 
[22]. Another recent study in the same line 
expressed NiO-NPs genotoxicity, chromosomal 
aberrations, DNA damage in lymphocytes, liver 
and kidney of female rats [23]. Zebrafish exposed 
to NiO-NPs for longer time showed higher bioac-
cumulation and toxicity [24]. It is well 
 documented and established that solubilization of 
Ni2+ from NiO-NPs plays vital role in inducing 
toxicity in animal, invertebrate, cell line and plant 
[18, 25–27].

Concerning the in vitro studies, recent reports 
suggest NiO-NPs as neurotoxic in SH-SY5Y 
neuroblastoma cells and cytotoxic for human 
breast carcinoma cells (MCF7) [28, 29]. NiO- 
NPs induced HIF-1α transcription factor fol-
lowed by upregulation of its target NRDG1 
(Cap43) in human lung epithelial (H460) cells 
[21]. In the same line, NiO-NPs induced oxida-
tive stress and cytotoxicity in human alveolar 
epithelial cells (A549) has also been reported 
[30]. HepG2 cells exposed to NiO-NPs resulted 
in cytotoxicity and apoptosis responses via reac-
tive oxygen species (ROS) generation, which is 
likely to be mediated through bax/bcl-2 pathway 
[31].

Despite these facts, a systematic interpretation 
on the underlying mechanism of NiO-NPs 
induced hepatotoxicity is scarce. In this context, 
NiO-NPs has been reported to induce cytotoxic-
ity and apoptotic cell death in HepG2 cells via 
bax/blc2 pathway [31]. However, authors did not 
explain the vital queries on HepG2 transcrip-
tomic profile. To decipher these unattended que-
ries, we have provided a concrete evidence on 
hepatotoxicity under in vitro condition. Primary 
human hepatocytes have been considered as gold 
standard model for xenobiotic metabolism and 

cytotoxicity studies [32]. However, the complex-
ity in isolation procedures, short life-span, inter- 
individual variability, cost effectiveness and rare 
availability of fresh human liver samples, consti-
tute serious limitations for the use of aforesaid 
in  vitro systems in screening [33]. Such con-
strains were run-over by immortalized liver- 
derived cell lines, owing to their unlimited 
availability and phenotypic stability. A first alter-
native is the widely used HepG2 cells, as these 
cells are highly differentiated and display many 
of the genotypic features of normal liver cells 
[34]. HepG2 can be used to screen the cytotoxic 
potential of new chemical entities at the lead gen-
eration phase and imitate the normal metabolic 
pathway in vivo [35, 36]. In this study, we have 
selected HepG2 cells as a model system for 
studying the hepatotoxic effects of NiO-NPs.

Consequently, the current study was aimed to 
evaluate molecular mechanism of NiO-NPs 
in vitro toxicity in HepG2 cells by the measure-
ment of (i) intracellular ROS generation (ii) DNA 
damage (iii) transcriptional activation of array of 
genes related to human stress and toxicity 
pathways.

10.2  Materials and Methods

10.2.1  NiO-NPs Characterization

NiO-NPs (Cat. No. 637130) was purchased from 
sigma chemical company (St. Louis, MO, USA). 
A stock of NiO-NPs (1 mg/ml) was prepared in 
MQ water and sonicated for 20 min at 40 W. TEM 
analysis of NiO-NPs were done by dropping the 
stock solution on copper grids and subjected to 
microscopic analysis at 200 KeV (JEM-2100 F, 
JEOL, Japan).

10.2.2  Cell Culture and NiO-NPs 
Exposure

Human liver hepatocellular carcinoma (HepG2) 
cells were cultured in DMEM with 10% FBS, 
antibiotic-antimycotic solution and incubated at 
37 °C with 5% CO2. HepG2 cells were seeded in 
96 and 6-well plates and allowed to attach with 
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the surface for 24 h prior to NiO-NPs treatment. 
Before each experiment, the ultra sonicated NiO- 
NPs (25, 50 and 100 μg/ml) solutions added to 
cell culture and grown for 24 h. Control groups 
were not added with NiO-NPs.

10.2.3  In Vitro DNA Damage Analysis 
by Comet Assay

The HepG2 cells exposed for 3 h with 25, 50 and 
100 μg/ml of NiO-NPs were detached and centri-
fuged at 3000 rpm for 3 min to collect the pellets. 
The cells (4 × 104) from untreated and treated 
groups were suspended in 100 μl of Ca++ Mg++ 
free PBS and mixed with 100 μl of 1% low melt-
ing point agarose (LMA). The cell suspension 
(80  μl) was then layered on one-third frosted 
slides, pre-coated with normal melting agarose 
(NMA) (1% in PBS) and kept at 4 °C for 10 min. 
After gelling, a layer of 90 μl of LMA (0.5% in 
PBS) was added. After the solidification of aga-
rose on slides, all of them were kept in lysis solu-
tion for overnight, followed by unwinding and 
electrophoresis at 24 V (300 mA) for 20  min. 
Cells were stained with ethidium bromide (20 μg/
ml) and DNA damage were scored under fluores-
cence microscope.

10.2.4  ROS Measurements in HepG2 
Cells

After the specified treatment, cells were trypsin-
ized, pelleted and washed twice with cold PBS, 
followed by the resupension of cells in 500  μl 
PBS (Ca++ and Mg++ free) containing 5  μM of 
dichloro-dihydro-fluorescein diacetate 
(DCFH-DA) dye. All cells were incubated for 
60 min at 37 °C in dark followed by washing and 
the fluorescence were recorded upon excitation at 
488  nm at FL1 Log channel through 525  nm 
band-pass filter on Beckman Coulter flow cytom-
eter (Coulter Epics XL/Xl-MCL, USA). 
Qualitative analysis of ROS in NiO-NPs treated 
cells were also done by staining the HepG2 cells 
with 5 μM of DCFH-DA for 60 min at 37 °C in 
CO2 incubator. Fluorescence images were cap-

tured on microscope equipped with fluorescent 
lamp (Nikon Eclipse 80i, Japan).

10.2.5  RT2 Profiler PCR Array Analysis

PCR array experiments were done with HepG2 
cells exposed for 24  h with NiO-NPs (100 μg/
ml). In brief, total RNA was isolated using the 
commercially available kit (RNeasy Mini Kit, 
Cat. No. 74106, Qiagen, USA), purification was 
done using iPrep™ PureLink™ kit (Invitrogen, 
USA) by Invitrogen® automated system. Purity 
of total RNA was verified by use of a Nanodrop 
8000 spectrophotometer (Thermo Scientific, 
USA). The first-strand cDNA synthesis was per-
formed with 1 μg of total RNA and 100  ng of 
oligo-p(dT)12-18 primer and MLV reverse tran-
scriptase (GE Health Care, UK). Changes in the 
relative gene expression of 84 genes responsible 
for human stress and toxicity pathway were 
quantified using 96-well format of RT2 Profiler™ 
PCR Array (Cat. No. PAHS-003 A, SABiosciences 
Corporation, Frederick, MD). cDNA equivalent 
to 1 μg of total RNA was used for each array. The 
arrays were run on Roche® LightCycler® 480 
(Roche Diagnostics, Rotkreuz, Switzerland) fol-
lowing the recommended cycling programs. 
Online software from SABiosciences 
Corporation, Frederick, MD, was used to analyze 
the expression data. NiO-NPs expression results 
were normalized to the average Ct value of five 
housekeeping genes (B2M, HPRT1, RPL13A, 
GAPDH and ACTB) and expressed with respect 
to the untreated control. RT-PCR array data were 
evaluated from at least three independent experi-
ments and the resultant ΔCt values were com-
bined to calculate the average fold regulation 
values. Genes that were significantly different for 
NiO-NPs versus control were determined by 
Students t-test (p < 0.05) by comparing the ΔCt 
values for the triplicate trials for each test sample 
with the ΔCt values for the control. Then PCR 
array data were validated by measuring the 
mRNA expression of some selected genes (P53, 
BAX, BCL2, SOD1) using real-time PCR analysis 
(Table 10.1).
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10.3  Results

10.3.1  NiO-NPs Characterization

The size and morphology of NiO-NPs were mea-
sured by transmission electron microscopy 
(TEM). In TEM analysis, NiO-NPs appeared as 
an aggregate showing crystallite’s spheres. The 
particles size of NiO-NPs analyzed from six 
TEM images were determined to be 24.05 ± 
2.9 nm (Fig. 10.1).

10.3.2  DNA Damage in HepG2 Cells

HepG2 cells exposed to NiO-NPs for 3 h resulted 
in DNA damage. The representative comet image 
from NiO-NPs (100  μg/ml) treatment clearly 
demonstrates the broken DNA liberated from the 
comet head (Fig.  10.2). NiO-NPs at 25, 50 and 
100  μg/ml induced significant 25.1, 25.3 and 

26.7-fold higher Olive tail moment (OTM) param-
eter of comet assay vis-à-vis the control showed a 
background of 0.28 ± 0.05 OTM (Table  10.2). 
The advantage of comet assay is that it is capable 
of analysing population of cells with various 
degrees of DNA damage. Nevertheless, the differ-
ences in distribution of DNA damage exist in the 
cell population. Variation in distribution of DNA 
damage by NiO-NPs exposure in-terms of fre-
quency is shown in Fig. 10.2.

10.3.3  Quantitative and Qualitative 
Analysis of Intracellular ROS

A concentration dependent increase in the intra-
cellular ROS generation in HepG2 cells, as evi-
dent by the shift of DCF peaks in treated groups 
(Fig. 10.3a). Compared to the 100% DCF fluo-
rescence in control, cells treated with 25, 50 and 
100 μg/ml of NiO-NPs showed significant 134%, 

Table 10.1 Primers of candidate genes for qPCR array-qPCR validation

Gene symbol Sense primer Antisense primer
P53 CCCAGCCAAAGAAGAAACCA TTCCAAGGCCTCATTCAGCT
Bax TGCTTCAGGGTTTCATCCAG GGCGGCAATCATCCTCTG
Bcl2 AGGAAGTGAACATTTCGGTGAC GCTCAGTTCCAGGACCAGGC
SOD1 AGGGCATCATCAATTTCGAG TGCCTCTCTTCATCCTTTGG
GAPDH CCACTCCTCCACC TTTGAC ACCCTGTTGCTGTAGCCA

Fig. 10.1 Depicts the 
particle characterization 
of NiO-NPs by TEM at 
200000× magnification
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150% and 143% (p < 0.01) increase in ROS gen-
eration (Fig. 10.3a, Inset). Fluorescence images 
further validated the flow cytometric data by 
showing an enhanced level of DCF fluorescence 
in the NiO-NPs treated cells (Fig. 10.3b).

10.3.4  qPCR Array of HepG2 Cells

HepG2 cells treated with NiO-NPs (100 μg/ml) 
for 24 h exhibited differential expression of genes 
in the RT2 profiler PCR array. The corresponding 
heat map suggested strong oxidative or metabolic 
stress, growth arrest and senescence, apoptosis 
signalling, proliferation and carcinogenesis, and 
activation of proinflammatory responses upon 
NiO-NPs exposure (Fig. 10.4). CYP2E1 gene in 
oxidative or metabolic stress group has exhibited 
a maximum of 3.4-fold up-regulation. 
Considerable number of genes in this pathway 
was up-regulated, and 1.4, 1.5 and 1.1-fold of 
maximum up-regulation has been recorded for 
HMOX1, SOD2 and SOD1 genes. Among the set 
of seven genes responsible for growth arrest and 
senescence, GDF15, DDIT3, GADD45A, MDM2 
and P53 genes have exhibited 4.6, 2.4, 1.6, 1.2 
and 1.2-fold up-regulation. TNFSF10, 
TNFRSF1A, CASP8 and NFKB1A genes in apop-
tosis signalling group showed maximum up- 

Fig. 10.2 Photomicrographs showing DNA strand 
breaks analysis by comet assay in NiO-NPs treated 
HepG2 cells. Histograms showing frequency distribution 

of DNA damage in HepG2 cells treated with varying con-
centrations of NiO-NPs for 3 h

Table 10.2 NiO-NPs induced DNA damage in HepG2 
cells analyzed using different parameters of alkaline 
comet assay

Groups

Olive tail 
moment 
(arbitrary unit)

Tail length 
(μm)

Tail intensity 
(%)

Control 0.28 ± 0.05 27.65 ± 1.87 2.63 ± 0.04
EMS 
(1 mM)

6.42 ± 0.32** 81.45 ± 3.88** 30.53 ± 1.24**

NiO-NPs (μg/ml)
25 7.05 ± 0.43** 72.71 ± 2.61** 33.12 ± 1.11**

50 7.11 ± 0.23** 77.43 ± 4.35** 43.13 ± 1.09**

100 7.48 ± 0.46** 76.88 ± 3.09** 42.64 ± 2.43**

Data represent the mean±S.D. of three independent exper-
iments done in duplicate
EMS ethyl methanesulphonate
**p < 0.01 vs. control
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regulation of 1.8, 1.1, 1.4 and 1.0-fold, while the 
BCL2L1 expression was down-regulated to 1.1- 
fold. Within the proliferation and carcinogenesis 
pathway EGR1 showed 1.2-fold up-regulation. 
Among the proinflammatory genes, NOS2 was 
maximally up-regulated to 2.3-fold. HSPA6 gene 
in heat shock group, showed up-regulation of 
2.5-fold. qPCR array data validation was done by 
measuring the expression of selective genes (P53, 
BAX, BCL2 and SOD1) by real-time PCR.  The 
expressional analysis also showed 1.0, 1.2, and 
1.1-fold up-regulation of P53, BAX and SOD1. 

BCL2 was found under expressed to 1.2-fold 
(Fig. 10.5).

10.4  Discussion

An integrated approach was used to identify tox-
icity mechanism induced by NiO-NPs. In this 
study, low, medium and high (25, 50 and 100 μg/
ml) doses of NiO-NPs has been chosen to expose 
the human liver cells. Lowest concentration was 
chosen with the aim to imitate the potential 

Fig. 10.3 (a) Fluorescence enhancement of DCF indicat-
ing ROS production with increasing NiO-NPs concentra-
tions in HepG2 cells analyzed by flow cytometry. Each 
histogram in inset represents the values of mean±SD of 

three independent experiments done in triplicate wells 
(**p  <  0.01 vs. control). (b) Fluorescence microscopic 
images of treated cells showing an enhancement in green 
fluorescence of DCF in treated cells
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human exposure, on the other hand highest con-
centration was selected to reflect toxicological 
effects upon accidental exposure of NiO-NPs. In 
this line an enhanced level of ROS has been 
observed in NiO-NPs treated cells. These results 
corroborate with enhanced ROS level in NiO- 
NPs treated HepG2 and A549 cells [31, 37]. We 
suggest oxidative stress in HepG2 cells. The cur-
rent study demonstrates that NiO-NPs can induce 
DNA damage after short exposure of 3  h, and 
corresponds with previous reports on DNA dam-
age in HepG2 and WISH cells exposed to NiO, 

TiO2 and ZnFe2O3-NPs [31, 38, 39]. The appear-
ance of comet tail with NiO-NPs exposure 
unequivocally suggest the impairment of DNA 
repair machinery. The enhancement in intracel-
lular ROS and DNA damage data are in agree-
ment with our recent report on NiO-NPs induced 
liver toxicity in rats [22]. Ni2+ is involved in ROS 
generation and accounted for inducing high level 
of damage via direct oxidative damage by H2O2 
production [40]. Hence, the elevated toxicity and 
damage in our study could also be an additive 
oxidative action of Ni2+ released from NiO-NPs.

Fig. 10.4 Effect of NiO-NPs on oxidative stress and tox-
icity pathway genes in HepG2 cells. Heat map showing 
the relative gene expression of different genes responsible 

for human stress and toxicity pathway in NiO-NPs 
(100 μg/ml) treated HepG2 cells after 24 h of exposure
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PCR array revealed that NiO-NPs treatment 
resulted in the up-regulation of genes related to 
different pathways. We found that TNFSF10, 
TNFRSF1A, CASP8 and NFKBIA genes in 
 apoptosis signalling pathways were up-regulated. 
TNFSF10 and TNFRSF1A belong to the tumor 
necrosis factor receptor (TNFR) family and their 
up-regulation has been suggested to induce cell 
death [41]. Up-regulation of CASP8 expression 
has been linked to execute the apoptotic signaling 
mainly through extrinsic pathway [42]. Activation 
of the above genes strongly suggests the partici-
pation of death receptor-mediated TNFR family 
members to induce apoptosis via intrinsic as well 
as extrinsic pathways. TNFR genes can act 
through an autocrine pathway to induce cell 
growth arrest and apoptosis through NFKB acti-
vation [43]. Therefore, the NFKB pathway and 
related genes could also be an important molecu-
lar mechanism by which NiO-NPs induces apop-
tosis in HepG2 cells.

NiO-NPs treatment resulted in the up- 
regulation of EGR1, MDM2, GADD45A and 
DDIT3 genes. Although the induction of EGR1, a 
family of zinc finger transcription factors, is 
directly linked with oxidative stress per se, other 
condition like mitochondrial dysfunction contrib-
utes well in its up-regulation [44]. We have found 

in vivo mitochondrial dysfunction in rats exposed 
to NiO-NPs for 7 and 14 days [22]. Therefore, the 
observed mitochondrial dysfunction and oxida-
tive stress data strongly substantiate the likeli-
hood that NiO-NPs may function as an initiator 
to increase the expression of EGR1 in treated 
HepG2 cells. Up-regulation of DDIT3 and 
GADD45A transcripts can be correlated with the 
fact that under stressed condition EGR1 is known 
to initiate DDIT3 and GADD45 family genes by 
binding to 5′-flanking regions [45]. The oxidative 
stress related genes (SOD1, SOD2, GPX1 and 
HMOX1) were found up-regulated after NiO-NPs 
exposure. In view of the higher ROS generation 
by NiO-NPs, we suggest that cytoplasmic 
(SOD1), mitochondrial (SOD2), glutathione sys-
tem (GPX1) and HMOX1 might have involved in 
scavenging the free radicals and cytoprotection. 
However, the excessive oxidative stress was 
beyond the attenuation capacity of these enzymes 
to subtle the DNA damage in treated cells. 
Up-regulation of above genes corresponds with 
increased expression of SOD, GPX, and HMOX1 
in human cells, when treated with ZnO-NPs and 
polyphenolic compounds [46, 47]. NOS2 is a 
hallmark of inflammatory response and its up- 
regulation is governed by oxidative stress, metals 
and lipopolysaccharides [48]. NOS2 expression 

Fig. 10.5 Transcriptional 
activation of apoptotic and 
oxidative stress genes in 
NiO-NPs treated HepG2 
cells. Transcript levels 
were determined by 
real-time quantitative PCR. 
**p < 0.01 using one-way 
ANOVA (Dunnett’s 
multiple comparison test) 
significantly different when 
compared to control
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is in accordance with our previous work on 
ZnFe2O4-NPs, exhibiting its induction in WISH 
cells [38]. GDF15 overexpression corresponds 
well with p53-GDF15 link, and points towards its 
important role during inflammatory responses 
after NiO-NPs treatment [49]. Within the set of 
heat shock genes, HSPA6 was found highly up- 
regulated in NiO-NPs treated cells. Heat shock 
proteins (HSP) are highly conserved class of 
stress response proteins, which work as molecu-
lar chaperons to correct the protein conformation 
under stress condition to maintain cellular 
homeostasis and protect the cells from apoptotic 
cell death [50]. Nonetheless, the DNA damage in 
NiO-NPs treated HepG2 cells supports the view 
that HSP fails to intervene the apoptotic process, 
as depicted in the image (Fig. 10.6).

10.5  Conclusion

We conclude that NiO-NPs have the potential to 
alter the transcriptome of HepG2 cells. We 
observed that NiO-NPs generated ROS and these 
free radicals induce heavy oxidative stress, which 
has affected the cell survival and promoted 
DNA.  Transcriptional analysis of PCR array 
revealed overall up-regulation of different path-
way genes, suggesting a pleiotropic effect of 
NiO-NPs to induced HepG2 cell death. The anal-
ysis of transcriptome was helpful to reveal poten-
tial molecular mechanism underlying NiO-NPs 
induced effects on HepG2 cells. The observed 
toxicity in HepG2, corresponds well with our 
recent study on rat’s showing hepatotoxicity. 
Hence, NiO-NPs widespread application should 
be given meticulous attention for potential 
adverse biological effects.
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Abstract

The physico-chemical properties of nanoparticles, as characterized under 
idealized laboratory conditions, have been suggested to differ significantly 
when studied under complex physiological environments. A major reason 
for this variation has been the adsorption of biomolecules (mainly pro-
teins) on the nanoparticle surface, constituting the so-called “biomolecular 
corona”. The formation of biomolecular corona on the nanoparticle sur-
face has been reported to influence various nanoparticle properties viz. 
cellular targeting, cellular interaction, in vivo clearance, toxicity, etc. 
Understanding the interaction of nanoparticles with proteins upon admin-
istration in vivo thus becomes important for the development of effective 
nanotechnology-based platforms for biomedical applications. In this chap-
ter, we describe the formation of protein corona on nanoparticles and the 
differences arising in its composition due to variations in nanoparticle 
properties. Also discussed is the influence of protein corona on various 
nanoparticle activities.

Keywords

Protein corona · Nanoparticles · Biomolecular corona · Nanoparticles-
protein interaction

11.1  Introduction

After entering into a biological system, foreign 
particles interact with various biomolecules. As 
compared to bulk matter, such interactions are 
more prominent in case of nanomaterials due to 
their large surface area to volume ratio and a high 
surface free energy. With rapid developments in 
the field of nanomedicine and the realisation of 
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regulatory/safety features in nanoparticle based 
therapeutics, it has become important to study 
the interaction of components from biological 
fluids with such nanoscale materials. The interac-
tion of nanomaterials with the surrounding bio-
logical environment results in the formation of a 
layer of adsorbed biomolecules on the nanomate-
rial surface (Fig. 11.1a–c), leading to the modifi-
cation of its properties and imparting it with a 
new identity [1]. This layer of biomolecules is 
termed as the “biomolecular corona” [2]. The 
lipid profile of the biomolecular corona has been 
mainly studied in context of the pulmonary envi-
ronment and is shown to be relatively conserved 
across different nanoparticle types and depends 
on the relative abundance of the lipids [3, 4]. The 
protein composition of the biomolecular corona 
however, has been a subject of extensive study 
due to its variations and significance in dictating 
nanoparticle properties [3, 5].

11.2  Formation of Protein Corona

The process of continuous adsorption and desorp-
tion of plasma proteins on a surface with regards 
to time of incubation, surface properties, etc. is 
termed as the “Vroman effect” [6–8]. The adsorp-
tion of plasma proteins and the subsequent for-
mation of protein corona on nanoparticle surface 
is a rapid event that occurs within a few seconds 
of nanoparticle exposure to a biological environ-
ment. The proteins adsorbed onto a surface stay 
in a continuous state of flux and the composition 
of these proteins may vary with time (Fig. 11.1d) 
[9]. On a nanoparticle surface, the initial corona 
consists of proteins with high association rates 

and high abundance in the plasma. With time, 
proteins with higher affinities and longer resi-
dence times replace proteins with lower affinities 
and short residence times.

Proteins which bind to the nanoparticle sur-
face with high affinities and display high associa-
tion rates constitute the “hard corona”. The 
proteins constituting the hard corona directly 
interact with the nanoparticle surface. On the 
other hand, proteins that are loosely bound to the 
nanoparticle surface with low binding affinities 
and display low association rates constitute the 
“soft corona” (Fig. 11.1e).

The interaction of proteins present in the soft 
corona with the nanoparticle surface is indirect 
and meditated via the hard corona [1, 5].

The proteins constituting the soft corona rap-
idly exchange from the surrounding environment 
on short time scales. The hard corona is more 
stable and tightly associated with the nanoparti-
cles and is considered to play an important role in 
nanoparticle interaction with its surrounding 
cells [11]. As a nanoparticle passes through a 
variety of biological environments, the soft 
corona is altered. However, the hard corona is 
altered to a lesser extent and retains the proteins 
adsorbed during initial exposures.

A variety of techniques are used to study the 
structure and composition of the protein corona. 
These techniques include dynamic light scatter-
ing (DLS), differential centrifugal sedimentation 
(DCS), size exclusion chromatography (SEC) 
and transmission electron microscopy (TEM) for 
determining the thickness of the corona layer; 
poly(acrylamide) gel electrophoresis (PAGE) 
and liquid chromatography tandem mass spec-
trometry (LC-MS/MS) for identification and 

Fig. 11.1 (continued) adsorb with low affinity. These 
proteins are subsequently displaced by proteins with a 
higher affinity (blue). The adsorption of certain proteins 
(blue and green) may aid in the binding of other proteins 
(yellow) with an initial low affinity for the particle sur-
face. Other proteins (red) do not adsorb at all (Reprinted 
by permission from Macmillan Publishers Ltd.: [Nature 
Nanotechnology] (Biomolecular coronas provide the bio-
logical identity of nanosized materials), Copyright (2012) 
[2]). (e) Schematic representation depicting the hard/soft 
corona and the dynamic nature of protein corona: Proteins 
bound to a nanoparticle surface via protein-nanoparticle 
interactions constitute the hard corona, while proteins 

adsorbed on the nanoparticles through protein-protein 
interactions constitute the soft corona. The dynamic 
nature of protein corona arises due to competitive parti-
cle-protein interactions, continuous particle-protein asso-
ciation/dissociation and a characteristic protein profile 
specific to a particular biological fluid. A continuous asso-
ciation and dissociation of proteins alters the protein 
corona composition prior to equilibrium after which it is 
stabilized (Reproduced from “Nanoparticle–protein 
corona complexes govern the biological fates and func-
tions of nanoparticles” with permission of The Royal 
Society of Chemistry [10])
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Fig. 11.1 TEM image of (a) bare 100 nm surface- 
carboxylated polystyrene (PSCOOH) nanoparticles and 
(b) protein-nanoparticle complex. (c) DLS (intensity- 
weighted size distribution) for 100 nm surface- 
carboxylated polystyrene (PSCOOH) nanoparticles (bare) 
(gray bars) and protein-PSCOOH nanoparticle complex 

(white bars). Protein-PSCOOH nanoparticles show an 
increase in size (Reprinted with permission from “What 
the Cell sees in Bionanoscience”. Copyright (2010) 
American Chemical Society [1]) (d) Time based evolution 
of the biomolecular corona (left to right): Initial corona 
consists of highly abundant proteins (green) that 
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 quantification of the proteins; circular dichroism 
spectroscopy (CD), fluorescence quenching and 
computational simulations for determining the 
conformation of the bound proteins; size exclu-
sion chromatography (SEC), surface plasmon 
resonance (SPR) and isothermal titration calo-
rimetry (ITC) for estimating the affinities of the 
bound proteins with the nanomaterial surface [5]. 
Various factors dictate the composition of the 
protein corona on the nanoparticle surface and 
are discussed in detail later.

An important parameter that determines the 
adsorption of proteins on a nanomaterial surface 
is the thermodynamic feasibility of the interac-
tion. It can be defined in terms of the Gibbs free 
energy of adsorption (ΔGADS) [5, 12].

 ∆ ∆ ∆G H T SADS ADS ADS= − < 0  

where, ΔHADS and ΔSADS are the enthalpy and 
entropy during adsorption and T is the temper-
ature. The stability of a protein-nanoparticle 
interaction is determined by the net free energy 
of adsorption (ΔGADS). Proteins adsorbed with 
a large ΔGADS have a low probability of desorp-
tion and hence a prolonged association with 
the nanoparticles. On the other hand, proteins 
adsorbed with a low ΔGADS are easily desorbed 
and return to solution. In general, nanoparti-
cles with either charged surface groups or 
hydrophobic surfaces form more stable inter-
actions with proteins as compared to nanopar-
ticles with neutral surface charges and 
hydrophilic surfaces.

A number of parameters viz. formation of 
bonds, rearrangement of interfacial water mole-
cules, or conformational changes in either the 
protein or the nanomaterial surface contribute to 
a favourable change in enthalpy or entropy. 
Hydrogen bonding, solvation forces, Van der 
Waals interactions, etc. between the nanoparti-
cle surface and the adsorbed proteins have been 
reported [13]. In the case of human serum albu-
min adsorption on polymeric nanoparticles, the 
interaction has been shown to be driven with a 
release of heat suggesting an enthalpy change 
favouring the interaction [14]. For other pro-
teins such as fibrinogen, lysozyme, ovalbumin 

and human carbonic anhydrase II, no change in 
enthalpy is observed. The binding in these cases 
is suggested to be entropy driven and is accom-
panied by a release of bound water molecule 
from the nanoparticle surface. Such an entropy 
driven mechanism of protein binding with the 
release of water molecule from the nanoparticle 
surface does not alter the protein conformation 
[15]. In other examples, protein conformation 
may be altered if it is thermodynamically 
favourable and allows for hydrophobic patches 
or charged sequences within proteins to interact 
with a complementary region on the nanomate-
rial surface [16]. In some cases, specific domains 
within proteins may enhance interaction with 
nanoparticles. As an example, the interaction of 
high molecular weight kininogen (HMWK) to 
iron oxide nanoparticles occurs via the histi-
dine-rich domain, with the imidazole side chains 
of histidines interacting with iron oxide 
nanoparticles [17]. Apart from directly interact-
ing with a nanoparticle surface, proteins may 
indirectly interact with nanoparticles via pro-
tein-protein interactions. These interactions 
may be specific where a conformation depen-
dent protein-protein interaction takes place. 
Such interactions and adsorption of proteins on 
to a nanoparticle surface is observed for com-
plement factors and coagulation proteins, and is 
shown to play an important role in mediating a 
humoral response [18]. Whereas, in non-spe-
cific interactions an initial conformational 
change in a protein, post adsorption on a 
nanoparticle surface, may lead to an exposure of 
a hydrophobic or charged patch which subse-
quently mediates the secondary interactions. As 
an example, the interaction of α-chymotrypsin 
(ChT) and lysozyme (Lyz) with gold nanoparti-
cles (AuNP) (either nanospheres;AuNS or 
nanorods;AuNR), has been shown to result in a 
loss of protein structure and enzyme activity. 
The effect of nanoparticle morphology is found 
to be primarily protein- specific in this case. The 
binding of proteins to gold nanoparticles fol-
lows three steps (Fig. 11.2) viz. (i) an initial 
protein-surface interactions (Region I), (ii) an 
intermediate stage characterized by protein-sur-
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face and protein-protein interactions (Region 
II), and (iii) a final stage dominated by protein-
protein interactions (Region III). The interac-
tion of ChT with gold nanospheres exists in 
Region I, and does not lead to structural altera-
tion of ChT. ChT-AuNR conjugates, on the 
other hand progress to Region III, with altera-
tions in ChT conformation and formation of a 
protein multilayer. The Lyz adsorption on 
AuNPs proceeds to Region II, characterized by 
Lyz adsorption and denaturation leading to the 
exposure of hydrophobic patches in the protein. 
This phenomenon is observed regardless of the 
AuNP (AuNS or AuNR) morphology. The Lyz- 
surface and Lyz-Lyz interactions thereby lead to 
aggregation of the conjugates (Fig. 11.2) [19].

11.3  Composition of Protein 
Corona

The biomolecular corona formed on nanoparti-
cles is constituted by a variety of plasma proteins 
which fall into the following major categories viz. 
apolipoproteins, immunoglobulins, complement 
factors, coagulation factors, acute phase proteins, 
tissue leakage components and other miscella-
neous proteins [20–22]. As an example, the 
adsorption of various plasma proteins on silica 
nanoparticles (SiNPs) of different sizes is pro-
vided in Fig. 11.3 [21]. The physiological func-
tion of the major components of the adsorbed 
proteins is mainly lipid transport, blood coagula-
tion, complement activation, pathogen recogni-
tion and ion transport. The relative concentrations 

Fig. 11.2 Schematic representation of Chymotrypsin 
(ChT) and Lysozyme (Lyz) adsorption on gold nanopar-
ticles (AuNP). Initially (region I) both proteins get 
adsorbed onto AuNP with minimal structural perturba-
tion. Later, as depicted in region II, protein-surface inter-
actions (as in the case of ChT-AuNR, Lyz-AuNS and 
Lyz-AuNR) lead to changes in protein conformation. This 
stage is characterized by protein-surface and protein- 
protein interactions. The final stage (region III) is domi-
nated by protein-protein interactions resulting in the 
stacking of multiple layers of protein on the particle sur-

face. ChT-AuNS stay in Region I as stable conjugates 
with ChT in a native conformation. ChT-AuNR form sta-
ble conjugates and proceed to region III with multiple lay-
ers of ChT adsorbed on the nanoparticle surface. 
Lyz-AuNP conjugates progress to region II, where a mix-
ture of protein-surface and protein-protein interactions 
result in the aggregation of the conjugates (Reprinted 
from “Effect of gold nanoparticle morphology on 
adsorbed protein structure and function”, 32(29), Gagner 
JE, Lopez MD, Dordick JS & Siegel RW, 7241–52, 
Copyright (2011), with permission from Elsevier [19])
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Fig. 11.3 Bioinformatic classification (according to their 
functions) of corona proteins identified on the surface of 
silica nanoparticles (SiNPs) of 125 nm (SiNP-125), 20 nm 
(SiNP-20) and 8 nm (SiNP-8). (a) Proteins identified in 
the respective SiNPs corona are classified according to 
their biological functions. (Relative percentages of the 
proteins compared to crude plasma are shown). Significant 
enrichment of plasma proteins involved in complement 
activation (b), lipoproteins (c), coagulation (d) and tissue 
leakage proteins (g) was evident in the corona. Other pro-

tein groups viz. immunoglobulins (e), acute phase 
response proteins (f), and other components (mainly 
serum albumin) (h) although present in high amounts in 
the plasma, displayed a lower affinity for the SiNPs 
(Reprinted with permission from “Nanoparticle Size Is a 
Critical Physicochemical Determinant of the Human 
Blood Plasma Corona: A Comprehensive Quantitative 
Proteomic Analysis”. Copyright (2011) American 
Chemical Society [21])
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of different proteins on the nanoparticle surface 
constituting the corona does not correspond to 
their plasma concentrations, suggesting a selec-
tive enrichment of some proteins. The selective 
adsorption of proteins on the surface of nanopar-
ticles has been shown to be a complex interplay 
of a variety of nanoparticle features (discussed in 
detail later). A detailed account of various pro-
teins adsorbed on different nanoparticles, termed 
as the “adsorbome”, has been provided by 
Walkey and Chan [5].

Some of the abundant proteins identified on 
the corona formed on most nanoparticles are 
albumin, α-2-macroglobulin, apolipoprotein A-I, 
apolipoprotein A-III, apolipoprotein C-III, 
immunoglobulin kappa chain, different forms of 
light- and heavy-chains of immunoglobulins, 
complement C3, complement C4, haptoglobin, 
alpha-1-antitrypsin, kininogen, plasminogen, 
keratin, vitronectin, etc. [21, 22]. While the bind-
ing of albumin and apolipoproteins helps in the 
transport of nanoparticles, the binding of comple-
ment proteins and immunoglobulins leads to par-
ticle opsonization thereby promoting nanoparticle 
clearance from circulation [23].

Walkey and Chan have reported around two to 
six proteins to be adsorbed at high abundance on 
most nanomaterials, with the most abundant 
identified protein (across all nanomaterials) rep-
resenting approximately 29% of the total proteins 
adsorbed. Collectively the three most abundant 
proteins represent an average 56% of the total 
adsorbed proteins. By defining a threshold of 
10% of the total adsorbed protein mass as “high 
abundance”, Walkey and Chan have identified 21 
out of 125 proteins above this threshold on at 
least one type of nanomaterial. These proteins are 
albumin, transferrin, fibrinogen, haptoglobin, 
hemoglobin, histidine-rich glycoproteins, Ig 
gamma chain, Ig light chain, Ig mu chain, inter 
alpha trypsin inhibitor H1, mannose-binding pro-
tein C, paraoxonase-1, antithrombin-III, apolipo-
protein A-1, apolipoprotein A-IV, apolipoprotein 
B-100, apolipoprotein C-II, apolipoprotein C-III, 
apolipoprotein E, clusterin and complement C3 
[5]. The interaction of these proteins with the 
nanoparticle surface, as mentioned earlier, is not 
related to their physiological roles or relative 

plasma abundance. The interaction is mediated 
by various nanoparticle properties as discussed in 
the following section.

11.4  Factors Influencing Protein 
Corona

11.4.1  Nanoparticle Size

The size of nanomaterials determines its surface 
curvature and also influences its surface area. It is 
thus an important factor in determining the quali-
tative and quantitative composition of the 
adsorbed proteins on a nanoparticle surface. 
While some reports suggest variations only in the 
amount of bound protein with particle size and 
curvature [22], other reports have shown both 
quantitative and qualitative size dependent 
changes in the protein corona [20, 21, 24, 25]. A 
difference of as low as 10 nm has been found to 
significantly affect the nanoparticle corona com-
position. In a study on gold nanoparticles, an 
increase in size leads to an increase in the binding 
constant of proteins along with an increase in the 
degree of cooperativity of nanoparticle-protein 
binding [26]. In a separate study on adsorption of 
plasma proteins on silica nanoparticles of differ-
ent sizes, it was revealed that the binding of 
approximately 37% of all corona proteins was 
significantly affected by particle size [21]. 
Lundqvist et al. have reported a comparison of 
protein corona formed on 50 and 100 nm polysty-
rene nanoparticles with different surface func-
tionalities. While the plain polystyrene 
nanoparticles of the two sizes showed almost 
80% similarity in the composition of protein 
corona, the size effect was more pronounced for 
the carboxyl modified nanoparticles of the two 
sizes which showed only 50% similarity [20].

11.4.2  Nanoparticle Surface 
Properties

Surface features of nanoparticles viz. charge and 
hydrophobicity/hydrophilicity are important fac-
tors in determining the protein corona composi-
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tion. As a general concept, negatively charged 
nanoparticles attract positively charged proteins 
and vice versa. Proteins with pI >5.5 show a pref-
erence for negatively charged (nanoparticles with 
acidic functional groups) nanoparticles, while 
those with pI <5.5 show a preference for posi-
tively charged (nanoparticles with basic func-
tional groups) nanoparticles. In such cases, the 
protein adsorption on nanoparticle surfaces is 
expected to be mainly driven by coulombic inter-
actions [27]. However, as most plasma proteins 
possess a negative charge at physiological pH 
(most plasma proteins have a pI in the range of 
6–8), charge based interaction of plasma proteins 
with negatively charged nanoparticles is a far 
more complex interaction. In such cases, cou-
lombic interactions take place between specific 
surface domains of the proteins that possess a 
complementary charge to that of the nanoparticle 
surface. As the coulombic interactions are 
achieved between molecules that are in close 
vicinity of each other, such charged based inter-
actions are expected to involve individual/spe-
cific domains on the protein and nanoparticle 
surface rather than the entire surface [28]. In a 
study on the adsorption of three human serum 
proteins viz. serum albumin, apolipoprotein A-I 
and apolipoprotein E4 on negatively charged 
(carboxylated) FePt nanoparticles, an increase in 
the hydrodynamic radius of the nanoparticles 
with protein concentration was observed suggest-
ing corona formation. Equilibrium dissociation 
coefficient studies suggested electrostatic inter-
actions between protein and nanoparticles. 
Structural studies revealed the presence of posi-
tively charged patches on the protein surface, 
through which the protein molecules were shown 
to interact electrostatically with the nanoparticle 
surface [29]. Studies on the effect of nanoparticle 
surface charge density have revealed a direct 
relation between the surface charge and protein 
adsorption profiles. A higher surface charge leads 
to an increased plasma protein adsorption, with-
out much difference in the qualitative profile of 
the of the detected proteins [7, 30].

In general, charged nanoparticles adsorb more 
protein than nanoparticles with a neutral surface. 
This differential adsorption further leads to a dif-

ference in opsonization rates of the nanoparticles. 
Neutrally charged nanoparticles show slow opso-
nization rates as compared to charged nanoparti-
cles, suggesting a direct correlation between the 
corona composition and nanoparticle uptake [23, 
31]. As an example, a charged based cellular 
uptake for albumin nanoparticles has been 
reported by Roser et al. Albumin nanoparticles 
with neutral surface charge showed a reduced 
phagocytic uptake in comparison with albumin 
nanoparticles which were modified to carry a net 
positive or negative surface charge [31]. The 
serum proteins identified in the opsonization pro-
cess were C3b-complement, IgG and fibronectin, 
whereas albumin was shown to reduce phago-
cytic uptake of the particles.

Apart from surface charge, the hydrophilicity/
hydrophobicity of nanoparticles has also been 
reported to influence the protein corona forma-
tion both quantitatively and qualitatively [22, 
32]. The major proteins affected by surface 
hydrophobicity are albumin, fibrinogen and apo-
lipoproteins [33]. As an example, a comparison 
of proteins adsorbed on a less hydrophobic 85:15 
NIPAM/BAM copolymer particle and a more 
hydrophobic 50:50 copolymer particle revealed 
clear differences in the amount and type of pro-
teins bound. While the less hydrophobic 85:15 
NIPAM/BAM copolymer particle bound virtu-
ally no protein (trace amounts of albumin), the 
more hydrophobic 50:50 copolymer particles 
preferentially bound apolipoproteins (AI, AII, 
AIV, and E), human serum albumin, fibrinogen 
and various other proteins [22]. As mentioned 
earlier, the differences in the amount and type of 
plasma proteins adsorbed on nanoparticles leads 
to variation in their opsonization rates. 
Nanoparticles with hydrophobic surfaces thus 
show high opsonization rates due to an enhanced 
adsorption of plasma proteins [23, 34].

11.4.3  Time of Exposure

The Vroman effect exhibited by protein adsorp-
tion on to a nanoparticle surface can be divided 
into “early” and “late” stages. The early stage is 
characterized by the adsorption of proteins with 
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high mobility although low binding affinity. 
Thereafter, the low binding affinity proteins are 
progressively displaced by the ones with higher 
binding affinities. The initial interaction of low 
binding affinity proteins is an attempt on the part 
of the nanoparticles to lower its surface energy 
followed by exchange of proteins on shorter time 
scales from the available set of proteins that may 
diffuse to the surface [35]. Various studies have 
revealed the importance of plasma exposure time 
on the quantity and composition of the corona 
proteins. Although the corona deposition is dic-
tated by the NP composition and surface func-
tionalization, exposure time is also an important 
factor. As demonstrated by Tenzer et al. the 
corona on nanoparticles with different types of 
surface functionalization, evolves in a completely 

different manner [9]. While the protein quantity 
on commercial 30 nm silica nanoparticles 
(AmSil30) decreased with time, it was shown to 
increase for negatively and positively charged 
polystyrene nanoparticles (nPsNP and PPsNP) 
(Fig. 11.4a, b).

Apart from quantitative variations, time based 
differences in composition of the proteins con-
stituting the corona were also observed for dif-
ferent nanoparticles (Fig. 11.4c). In a report on 
the characterization of adsorbed proteins on the 
surface of gold nanoparticles, it has been 
reported that at initial time points (1 h), high 
molecular weight (HMW) and low molecular 
weight (LMW) proteins are adsorbed while the 
medium molecular weight (MMW) proteins are 
down represented. However, after prolonged 

Fig. 11.4 (a) SDS–PAGE of plasma proteins bound to 
different nanoparticles. (b) Quantification of proteins in 
the corona (protein (fg) per nanoparticle) at different 
time points. (c) Identification and classification of 
corona proteins identified on different nanoparticles. 
(30 nm commercial silica nanoparticles (AmSil30); 
30 nm laboratory synthesized silica nanoparticles 
(SiNP30); Amine functionalized SiNP30 (SiNP30-NH2); 
carboxylate functionalized SiNP30 (SiNP30-COOH); 

140 nm laboratory synthesized silica nanoparticles 
(SiNP140); Amine functionalized SiNP140 
(SiNP140NH2); Carboxylate functionalized SiNP140 
(SiNP140-COOH); negatively or positively charged 
polystyrene nanoparticles (nPsNP and pPsNP) 
(Reprinted by permission from Macmillan Publishers 
Ltd.: [Nature Nanotechnology] (Rapid formation of 
plasma protein corona critically affects nanoparticle 
pathophysiology), Copyright (2013) [9])
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incubation (48 h) the concentration of the MMW 
proteins was found to increase while that of 
LMW was found to decrease. The major proteins 
identified were MMW proteins and some LMW 
proteins, involved in important biological pro-
cesses such as transport and trafficking (apolipo-
protein A1, transferrin, vitamin D-binding 
protein, etc.), blood coagulation (protein C 
inhibitor, antithrombin III, coagulation factor V, 
etc.) and tissue development (fibulin 1, periostin, 
thrombospondin-1, galectin 3 binding protein, 
etc.). The concentration of the HMW proteins 
was however not effected significantly with time 
[36]. A sequential adsorption of plasma proteins 
has also been demonstrated on N-iso- propylacrylamide/N- 
tert-butylacrylamide (NIPAM/BAM) nanoparti-
cles through mathematical modelling. For these 
nanoparticles, the initial phase is characterized 
by the deposition of high abundance and fast dis-
sociation proteins viz. albumin and fibrinogen 
followed by higher affinity and slow-exchanging 
apolipoproteins AI, AII, AIV and E [22, 37]. The 
relative abundance of proteins in the serum also 
plays an important role in determining the initial 
binding partners. The first proteins to be adsorbed 
on nanoparticles are albumin, IgG and fibrino-
gen which may later be replaced by apolipopro-
teins and coagulation factors. In a surface 
plasmon resonance (SPR) based study on silver 
coated slides, it was observed that initially the 
smallest and most abundant protein viz. albumin 
adsorbs to the surface followed by IgG and 
fibrinogen [38].

As the quantitative and qualitative profile of 
protein corona changes with incubation time, it 
also influences the cellular uptake of nanoparti-
cles. As an example, the hepatic uptake of 
lecithin- coated polystyrene nanospheres has been 
found to increase significantly with an increase in 
incubation time. This is mainly due to an increase 
in the opsonin concentration in the adsorbed 
layer and an opsonin-mediated uptake by Kupfer 
cells. The major opsonins identified were com-
plement C3 (C3) and immunoglobulin G (IgG). 
Their concentrations were found to increase with 
time, thereby accounting for an increase in cel-
lular uptake [39].

While the initial phase of corona formation 
may be a rapid event occurring on a time scale of 
few seconds to minutes, the late stage may take a 
few hours to days [5, 40]. However, depending on 
the evolution stage and the protein corona at that 
particular moment, the physiological response to 
the nanoparticle may vary.

11.4.4  Temperature

Physiological temperatures are known to fluctuate 
and vary between 35 and 41 °C under different 
conditions. Exploring the effect of these subtle 
temperature changes on the surface adsorption of 
proteins thus becomes essential. Mahmoudi et al. 
studied the effect of temperature on the adsorp-
tion of albumin and apo-transferrin (apo-Tf) on 
polymer coated iron-platinum (FePt) nanoparti-
cles. At lower temperatures (13 and 23 °C) the 
deposition of both albumin and apo-Tf took place 
till the formation of a monolayer, after which 
increasing the concentration of the respective pro-
tein had no effect on the corona thickness. 
However, at a higher temperature (43 °C) a 
decrease in the thickness of the corona shell was 
observed for both HSA and apo-Tf, which was 
proposed due to (i) conformation changes in the 
protein molecules, (ii) decrease in the number of 
protein molecules adsorbed on the nanoparticle 
surface and (iii) an increase in the flexibility of the 
polymer coating on the nanoparticle surface lead-
ing to the insertion of the protein molecules in the 
polymer shell [41]. Mahmoudi et al. have also 
studied the protein corona composition on gold 
nanorods (AuNR) after plasmonic heating and 
thermal heating under two different serum condi-
tions mimicking an in vitro (10% serum) environ-
ment and an in vivo (100% serum) environment. 
Subtle changes in zeta-potential of AuNRs were 
observed following both plasmonic and thermal 
heating suggesting some compositional differ-
ences arising due to the change in temperature. 
The decrease in surface charge was slightly more 
in AuNRs incubated in 100% serum as compared 
to those incubated in 10% serum. Analysis of the 
protein composition revealed an increase in the 
amount of several important proteins viz. serum 
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albumin, α-2-HS- glycoprotein precursor, apoli-
poprotein A-II  precursor and apolipoprotein C−
III precursor in the plasmonic heating 10% serum 
model as compared to the sample incubated at 
37 °C. The levels of apolipoprotein A-I precursor 
protein was found to be decreased. However, 
there were significant differences in the in vitro 
(10% serum) and in vivo (100% serum) models. 
In terms of the molecular weight of the proteins 
adsorbed, it was observed that for the 10% serum 
model a heat treatment whether thermal or plas-
monic did not have a significant effect on the 
adsorption of the low molecular weight proteins 
(<50 kDa). However, the amount of high molecu-
lar weight proteins (50–100 kDa) were observed 
to increase. On the contrary, in the in vivo model 
the amount of low molecular weight proteins 
(<30 kDa) were observed to be significantly 
decreased upon plasmonic heating but not thermal 
heating. No major change in the high molecular 
weight fraction (>30 kDa) was observed in the 
100% serum model with either plasmonic or ther-
mal heating [42].

Elevated temperatures have been reported to 
bring variations in the composition of serum, 
most notable being aggregation and depletion of 
complement proteins and immunoglobulins. The 
binding of heat inactivated serum on polystyrene 
nanoparticles of 100 nm reveals an increase in 
nanoparticle size at physiological temperature 
suggesting a thicker corona layer. However, no 
such differences were observed for smaller 
nanoparticles (40 nm). These differences in the 
amount of proteins adsorbed on the nanoparticles 
effect their uptake in A549 cells, with nanoparti-
cles of smaller sizes (20 and 40 nm) showing a 
higher cellular uptake in non-heat inactivated 
serum as compared to heat inactivated serum. On 
the other hand, nanoparticles of larger sizes (100 
and 200 nm), showed a complex behaviour, with 
nanoparticle to serum ratios playing an important 
role. A higher cellular uptake was observed in 
heat inactivated serum at low nanoparticle con-
centrations and non-heat inactivated serum at 
high nanoparticle concentrations. Interestingly, 
in all the conditions tested in this study, forma-
tion of a protein rich corona layer was found to 
inhibit cellular uptake of nanoparticles [43]. This 

may be due to the heat induced depletion of com-
plement factors and the unresponsiveness of the 
cell line (A549) to complement based particle 
uptake.

11.4.5  Biological Environment

The biomolecular corona formed on nanoparti-
cles may also vary depending on the variations in 
the physiological environments. Differences have 
been reported in the corona composition of 
nanoparticles when incubated with normal serum 
and hyperlipidemic serum, used as a model for 
cardiovascular diseases and obesity. Incubation 
with hyperlipidemic serum results in an increased 
amount of cholesterol adsorption on Fe3O4 
nanoparticles. In this study, apart from differ-
ences in lipid composition, differences in protein 
composition were also reported. A total of 29 
unique proteins were found to associate with 
nanoparticles incubated in the lipid-rich media. 
The corona formed on nanoparticles upon incu-
bation in a lipid rich media resulted in an upregu-
lation of genes associated with inflammation and 
cell adhesion in rat aortic endothelial cells 
(RAECs) to a larger extent as compared to 
nanoparticles with biocorona formed after incu-
bation with normal serum [44].

The corona formation and nanoparticle uptake 
studies in vitro are usually performed in the com-
monly used cell culture media viz. RPMI and 
DMEM. Interestingly, in a study with gold 
nanoparticles, it was found that the corona for-
mation is dependent on the nanoparticle dimen-
sions for RPMI media. However, in case of 
DMEM, no such correlation on nanoparticle 
dimensions was observed. The total amount of 
hard protein corona was found to be higher in 
nanoparticles incubated in DMEM as compared 
to those incubated in RPMI media resulting in an 
increased toxicity of the nanoparticles in RPMI 
media [36].

Another variation in media arises due to the 
use of plasma or serum as a protein source. The 
use of plasma or serum has also been shown to 
determine the corona composition and eventual 
fate of nanoparticles. In a study on silver and 
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silica nanoparticles incubated with plasma and 
serum it was shown that a similar amount of pro-
tein with drastic variations in composition 
adsorbed on these nanoparticles. The variation in 
the corona composition led to a difference in the 
nanoparticle uptake and cell viability with 
nanoparticles incubated in plasma showing a 
higher viability and lower cellular uptake as com-
pared to nanoparticles incubated in serum. This 
difference was attributed to the concentration of 
apolipoprotein J (clusterin) adsorbed on the 
nanoparticles upon incubation with the two fluids 
[45].

A comparative study on the effect of static 
(unconditioned) media viz. human plasma (HP), 
human serum (HS), free albumin, free fibrinogen, 
etc. and dynamic (conditioned) media viz. media 
obtained after exposure to cells, on the quantita-
tive and qualitative profile of the protein corona 
formed on polymeric nanoparticles has also been 
studied (Fig. 11.5a). Since cells secrete out a 
variety of molecules, the composition of cell- 
conditioned media is drastically different from 
that obtained from a defined source [46]. 
Incubation in a protein rich static media results in 
the adsorption of higher amount of proteins on 
the nanoparticle surface and leads to a larger 
reduction in surface charge (neutralization) as 
compared to incubation in a dynamic in vitro 
cell-conditioned media (Fig. 11.5b, c). In general 
the hard protein corona composition, nanoparti-
cle composition and the cell phenotype deter-
mines the interaction of nanoparticles with cells. 
As an example, cell conditioned media obtained 
from LoVo cell culture was found to inhibit the 
nanoparticle association with undifferentiated 
and differentiated THP-1 cells to a larger extent 
than conditioned media obtained from HeLa or 
THP-1 cell cultures, suggesting the importance 
of the conditioned media in dictating nanoparti-
cle fate in vivo (Fig. 11.5d). Nanoparticles with a 

hard protein corona from different sources viz. 
human serum, human plasma, cell conditioned 
media from HeLa, LoVo and THP-1 cells also 
effect cytokine production from target cells. 
While the protein corona from FBS, HP and 
LoVo conditioned media increased the IL-1β pro-
duction and decreased MCP-1 secretion, the 
presence of protein corona from HS and condi-
tioned media from HeLa and THP-1 cells resulted 
in a decreased production of IL-1β and an 
increased secretion of MCP-1 (Fig. 11.5e). These 
results suggest the complexities of the corona 
composition and its consequences on nanoparti-
cle activity [47].

11.4.6  Plasma Concentration

As a nanoparticle passes through a variety of 
microenvironments, it is expected to encounter 
plasma proteins in different concentrations. To 
mimic this situation, the effect of gradient plasma 
on the corona composition of nanoparticles has 
been studied and compared to the corona formed 
after incubation in plasma of defined concentra-
tions. A clear difference in terms of the amount 
and composition of the corona was observed 
[48]. A major difference in the corona composi-
tion of nanoparticles exposed to a plasma gradi-
ent was the depletion of low molecular weight 
proteins including apolipoprotein precursor A-1, 
A-II, C-I, C-II, C-III, plasma retinol-binding pro-
tein precursor, transthyretin precursor, Isoform 1 
of haptoglobin-related protein precursor, beta-2 
microglobulin precursor and serum amyloid A 
protein precursor [48]. A similar observation of 
selective enrichment of low molecular weight 
proteins at low plasma concentrations has been 
made by Monopoli et al. for hydrophilic silica 
and hydrophobic sulphonated polystyrene 
(PSOSO3) nanoparticles [35].

Fig. 11.5 (continued) by arrow). Numbers above the 
image indicate the source from which the hard protein 
coronas (hPCs) were derived. (c) Total intensity of each 
lane, indicating the total amount of protein in the gel. (d) 
Association of PMA CAPs (green bars) or CSPs (blue 
bars) coated with different hPCs with THP-1 cells, as mea-
sured by flow cytometry. (e) Heat maps showing the rela-

tive pro-inflammatory cytokine secretion levels by THP-1 
cells upon treatment by CAPs (green) or CSPs (blue) 
coated with hPCs derived from various environments (as 
indicated by the numbers above the maps) (Reprinted with 
permission from “Cell Conditioned Protein Coronas on 
Engineered Particles Influence Immune Responses”. 
Copyright (2017) American Chemical Society [47])
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Fig. 11.5 (a) Schematic illustration of the formation of 
protein corona on poly (methacrylic acid) (PMA) particles 
in unconditioned and cell-conditioned environments. (b) 

SDS-PAGE image of corona proteins derived from vari-
ous environments on core-shell particles (CSPs) and hol-
low capsules (CAPs). (Molecular weight marker is shown 
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In general, an increase in the plasma protein 
concentration leads to an increased adsorption of 
proteins on nanoparticles till the formation of a 
monolayer [41, 49]. While the amount of protein 
adsorbed is dependent on the plasma concentra-
tion, increasing the plasma concentration 
decreases the number of proteins present in the 
corona of the nanoparticles. As an example, for 
zeolite nanoparticles, an increased selective 
adsorption of apolipoprotein C-III (APOC-III) 
and fibrinogen (FIBA, FIBB and FIBG) was 
observed at 100% plasma concentration, while 
exposure to low plasma concentration (10%) 
resulted in the selective enrichment of 
 immunoglobulin gamma (IGHG1, IGHG2, and 
IGHG4) [50].

11.5  Consequences of Protein 
Corona

The formation of protein corona has been 
reported to play an important role in defining the 
biological properties and physiological responses 
viz. toxicity and immunogenicity of nanoparti-
cles [51–53]. The various effects and conse-
quences of protein corona formation on the 
nanoparticle surface are discussed below.

11.5.1  Effect on Nanoparticle Size

The adsorption of plasma proteins results in the 
formation of a thick layer on the nanoparticle sur-
face. Various studies have reported the layer to be 
around 20–40 nm for different types of nanopar-
ticles. As the hydrodynamic diameters of most 
plasma proteins are in the range of 3–15 nm, the 
thickness of protein corona formed on nanopar-
ticles suggests the existence of multiple layers of 
adsorbed proteins. The primary binders may be 
the ones interacting with the nanoparticle surface 
directly. The secondary binders then interact with 
the primary binders through protein-protein 
interactions. It could thus be assumed that the 
primary binders constitute the hard corona and 

the secondary binders comprise the soft corona. 
The contribution of the hard and soft corona to 
the overall thickness of the protein corona is not 
known. However, a study by Monopoli et al. [35], 
on sulphonated polystyrene nanoparticles 
(PSOSO3) suggests that the soft corona is less 
thick in comparison to the hard corona.

11.5.2  Effect on Zeta-Potential

Apart from increasing the size of the nanoparti-
cles, the adsorption of proteins on nanoparticle 
surface also leads to an alteration in its zeta- 
potential. As most plasma proteins exhibit a neg-
ative zeta-potential at neutral physiological pH 
(7.4), the formation of protein corona on nanopar-
ticle surface imparts a zeta-potential in the range 
of −10 to −20 mV. This negative zeta-potential is 
observed irrespective of the nanoparticle physi-
cochemical properties [5].

11.5.3  Cellular Targeting 
of Nanoparticles

The formation of corona has been reported to 
reduce the targeting abilities of nanoparticles. In 
a study on transferrin conjugated silica nanopar-
ticles (SiO2-PEG8-Tf), it was observed that the 
targeting ability of transferrin, when exposed to a 
biological environment (FBS), was compromised 
due to the shielding effect of the plasma proteins. 
Although, the nanoparticles were still found to 
enter cells, their specificity for transferrin recep-
tors was found to be decreased (Fig. 11.6) [54].

Apart from a loss of targeting ability, the 
deposition of corona on nanoparticle surface may 
also lead to undesirable localization of nanopar-
ticles resulting in unintended toxicities. Such a 
case has been reported for superparamagnetic 
iron oxide nanoparticles (SPIONs), where the 
deposition of protein corona leads to the crossing 
of the nanoparticles through the blood brain bar-
rier (BBB) [55]. The BBB crossing ability was 
attributed to the presence of apoliprotein, 
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Fig. 11.6 (a) Apparent diameter (Dapp) as obtained by 
differential centrifugal sedimentation (DCS) for 
Tf-decorated silica nanoparticles with PEG8 spacers 
(SiO2-PEG8-Tf) incubated with increasing amounts of 
transferrin receptor (TfR). A shift in the Dapp with 
increasing concentrations of TfR suggests interaction of 
SiO2-PEG8-Tf nanoparticles with TfR. (b) DCS assess-
ment of TfR binding to SiO2-PEG8-Tf nanoparticles in 
the presence of fetal bovine serum (FBS) proteins. With 
increasing concentration of FBS a reduction in Dapp is 
observed, suggesting a loss of TfR binding due to the 

shielding effect of protein corona. Shown in the box is a 
cartoon representation of SiO2-PEG8-Tf nanoparticles, 
soluble TfR and different serum proteins. (c) Schematic 
representation of nanoparticle binding to soluble TfR and 
(d) cell surface TfR. (e) Schematic representation of inhi-
bition of nanoparticle binding to soluble TfR and (f) cell 
surface TfR in the presence of FBS proteins (Reprinted by 
permission from Macmillan Publishers Ltd.: [Nature 
Nanotechnology] (Transferrin-functionalized nanoparti-
cles lose their targeting capabilities when a biomolecule 
corona adsorbs on the surface), Copyright (2013) [54])
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ApoA-I. The nanoparticle corona of most 
nanoparticles has been shown to consist of apoli-
poproteins including ApoA-I. ApoA-I has been 
reported to cross the BBB and hence its 
 association with nanoparticles may lead to an 
unintended accumulation of nanoparticles in the 
brain tissue.

11.5.4  Cellular Uptake 
of Nanoparticles

Generally a protein corona enriched with opso-
nins and coagulation proteins is believed to acti-
vate immune cells promoting phagocytosis 
thereby leading to the clearance of the NPs from 
the bloodstream. Conversely, enrichment of the 
protein corona with dysopsonins such as human 
serum albumin (HSA), apolipoproteins, and so 
forth promotes blood circulation [56]. The 
dependence of nanoparticle uptake by macro-
phages on the adsorbed complement factors has 
been reported for gold nanoparticles with differ-
ent hydrophobicities. Immunoglobulins were 
shown to have a negative effect on macrophage 
uptake [57].

It is worth mentioning that different cell types 
interact with nanoparticles in completely differ-
ent ways. As an example, in a study on the cel-
lular uptake of silica nanoparticles by A549 cells, 
in the presence and absence of corona, the mem-
brane association and internalization of silica 
nanoparticles was reported to be much higher in 
serum free media as compared to the ones with a 
preformed corona. Nanoparticles recovered from 
the cell surface also developed a corona layer 
consisting mainly of membrane and cytoskeletal 

proteins as well as membrane lipids. Also the 
number of proteins identified in the corona of 
these nanoparticles was higher (approximately 
800) as compared to the total proteins identified 
in the corona of nanoparticles incubated in serum 
(approximately 300). This was attributed to cel-
lular damage observed in the case of corona free 
nanoparticles. The cellular uptake for the corona 
free nanoparticles was found to be higher and the 
nanoparticles were observed to be localized both 
in the cytosol and lysosome of cells as compared 
to nanoparticles with a preformed corona, which 
localized exclusively in the lysosomal compart-
ment of the cells. The results clearly demon-
strated differences in the nanoparticle uptake 
efficiency and routes in the presence and absence 
of protein corona on nanoparticles [58].

The use of polyethylene glycol (PEG) as a 
stealth molecule for preventing nonspecific 
nanoparticle uptake has been well established. 
However, Schottler et al. reported this phenome-
non to be not only dependent on the PEG poly-
mer, but a consequence of the protein corona 
formed due to the PEGylation or polyphophoester 
(PEEP) conjugation. The corona on PEGylated 
and PEEP conjugated silica nanoparticles was 
found to be enriched in apolipoprotein J (clus-
terin). The binding of clusterin (Apo J) on PEG 
and PEEP was reported to be responsible for 
decreasing the macrophage uptake and providing 
a stealth effect (Fig. 11.7) [59].

The role of clusterin in preventing the macro-
phage uptake of non-PEGylated silver and silica 
nanoparticles has been demonstrated by Aoyama 
et al. [45]. Nanoparticles incubated with plasma 
and serum showed variations in their corona 
compositions and macrophage uptake. Clusterin, 

Fig. 11.7 (continued) (a) Quantitative analysis of human 
plasma proteins adsorbed on different nanocarriers 
(Polystyrene nanoparticles (PS-NH2) functionalized with 
polyethylene glycol with degree of polymerization 44 
(PS-PEG44), and 110 (PS-PEG110), polystyrene 
nanoparticles functionalized with poly(ethyl ethylene 
phosphate) with degree of polymerization 49 (PS-PEEP49) 
and 92 (PS-PEEP92)). (b) Flow cytometry analysis of 
nanoparticle uptake by RAW264.7 cells. (c) Laser scan-
ning microscopy images of nanoparticle uptake by 
RAW264.7 cells incubated in 100% human plasma or 
DMEM without plasma (Cell membrane is stained with 

CellMask Orange (red) and nanocarriers are shown in 
green; scale bars, 10 μm). (d) Classification of protein 
corona components according to their function. (e) Heat 
map of the most abundant proteins in the protein corona 
of different nanocarriers. (f) Flow cytometry analysis of 
cellular uptake of PS-PEEP92 by RAW264.7 cells after 
incubation in water, human plasma, clusterin or human 
serum albumin (Reprinted by permission from Macmillan 
Publishers Ltd.: [Nature Nanotechnology] (Protein 
adsorption is required for stealth effect of poly(ethylene 
glycol)- and poly(phosphoester)-coated nanocarriers), 
Copyright (2016) [59])

S.M. Ahsan et al.



19111 Nanoparticle-Protein Interaction: The Significance and Role of Protein Corona



192

although present in the corona of nanoparticles 
incubated in serum and plasma, was found to be 
more in the nanoparticles incubated in plasma. 
Nanoparticles incubated in plasma therefore 
showed reduction in cellular uptake. Nanoparticle 
uptake based on PEG density has also been stud-
ied [60]. It was found that increasing the PEG 
density on gold nanoparticles led to decrease in 
the adsorption of a few proteins. These proteins 
were thus speculated to play an important role in 
inhibition of macrophage uptake. They included 
complement C3, transferrin, clusterin, alpha- 2- 
macroglobulin, etc. [60].

The conformation of proteins bound to the 
nanoparticle surface is also important to mediate 
their interactions with cells. In a study, a preven-
tion of macrophage uptake of protein-coated NPs 
was demonstrated for lipid and silica nanoparti-
cles. While the corona formed on lipid nanopar-
ticles was enriched in complement proteins, 
lipoproteins and immunoglobulins, the protein 
corona of silica NPs was found to be enriched in 
coagulation proteins and acute phase proteins. 
Although the proteins identified in this study are 
known to promote macrophage uptake through 
scavenger receptors, it was speculated that the 
functional motifs of these proteins may not be 
presented appropriately for recognition through 
these receptors. There is also a possibility that the 
opsonins present on these particles are shielded 
by the binding of the more abundant proteins 
such as albumin and lipoproteins, which are 
known to inhibit macrophage uptake [61].

11.5.5  Effect on Drug Release

As the formation of protein corona adds a layer on 
the nanoparticle surface it is expected to retard the 
drug release rates from nanoparticles. In case of 
nanocapsules, the thickness and the rigidity of the 
capsule shell is considered to be an important fac-
tor in determining the drug release rates rather 
than the protein corona, which is comparatively 
less thick than the capsule shell. However, in case 
of polymer coated SPIONs, the burst release of the 
drug from the polymer layer has been shown to be 
impeded by the corona layer. An increase of tem-
perature was however found to increase the burst 

release suggesting that the protein layer is respon-
sible for the impediment of the burst release. The 
release profile of paclitaxel from Abraxane also 
revealed a similar trend with both hard corona and 
soft corona playing an important role in decreas-
ing the burst release from these nanoparticles [62].

11.5.6  Nanoparticle Biocompatibility 
and Toxicity

The interaction of plasma proteins with nanomate-
rials in general increases their biocompatibility 
[63]. The amount of protein corona deposited on 
nanomaterials directly governs their toxicity, with a 
thicker layer making the nanomaterial more bio-
compatible [36]. For instance the interaction of 
plasma proteins with graphene oxide (GO) 
nanosheets has been shown to mitigate its cytotoxic 
effects. The cytotoxicity of GO nanosheets arises 
due to its direct interaction and subsequent rupture 
of cellular membranes. However, the presence of 
protein corona reduced this cytotoxic effect drasti-
cally in a concentration dependent manner with a 
10% serum having a more pronounced effect than 
1% serum. Although GO nanosheets display a dif-
ferential affinity towards serum proteins (in the 
order fibrinogen > Igs > Tf > BSA), the major role 
of the protein corona is to prevent a direct interac-
tion between the cell membranes and GO 
nanosheets and the composition of the corona had 
no major role in imparting biocompatibility [64, 
65]. Interestingly, the cytotoxicity of silica nanopar-
ticles has been shown to depend on the time of 
exposure of nanoparticles to plasma, with nanopar-
ticles subjected to a prolonged plasma exposure 
being relatively less toxic as compared to nanopar-
ticles subjected to a brief exposure. The rapid 
corona formation on these nanoparticles also 
reduced thrombocyte activation, erythrocyte aggre-
gation and prevented haemolysis [9].

Formation of a corona layer may also have an 
effect on the inflammatory response. As an exam-
ple, the fibrinogen binding affinity of zeolite 
nanoparticles has been implicated in a potential 
pro-inflammatory response by these particles. 
Although, zeolite nanoparticles were shown to 
have no negative effect on major cellular pro-
cesses viz. cell cycle, oxidative stress and cellular 
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toxicity their high affinity towards fibrinogen (an 
acute phase protein) was speculated to induce a 
pro-inflammatory effect [66]. The immune acti-
vation and cytokine expression of nanoparticles 
has been reported to be dependent on the hydro-
phobicity of the nanoparticles with a more hydro-
phobic surface eliciting a higher immune 
response [67].

Apart from eliciting a toxic response, nanopar-
ticles may have certain indirect toxic effects by 
inducing fibrillation, denaturation and conforma-
tional changes in the adsorbed proteins, leading 
to an exposure of new antigenic epitopes or a loss 
of function, etc. on the adsorbed proteins. It has 
been reported that various nanoparticles such as 
cerium oxide NPs, CNTs and copolymer NPs 
induce fibrillation in human beta-2 microglobu-
lin. Although the mechanism of nucleation and 
fibril formation is not clear, it is speculated that 
the interaction with nanoparticle surface leads to 
appropriate conformational changes that may 
promote fibrillation and may also increase the 
local concentration of human beta-2 microglobu-
lin monomers which may promote oligomer for-
mation (Fig. 11.8a, b) [68]. Although the exact 
mechanism of protein unfolding at nanoparticle 
surface is not known, it is expected to involve 
contact forces such as the release of surface free 
energy through structural reorganization [69].

Conformational changes and unfolding of 
proteins upon interaction with nanoparticle sur-
face has been a well reported phenomenon [16, 
26, 70, 71]. It has been shown that nanomaterials 
with a high surface charge density or hydropho-
bicity alter the conformation of the adsorbed pro-
teins to a larger extent than the nanomaterials 
with hydrophilic and neutral surfaces [72–74]. 
The effect of nanoparticles surface charge and 
hydrophobicity on protein structure has been 
studied for albumin, fibrinogen and cytochrome c 
with nanoparticles having a net positive or nega-
tive surface charge or high hydrophobicity show-
ing an enhanced denaturation of proteins as 
compared to nanoparticles with a neutral surface 
charge or high hydrophilicity [75, 76]. The con-
formation changes in protein structures are usu-
ally irreversible even after the desorption of 
proteins from the nanoparticle surface [77]. As 

an example, the interaction of transferrin with 
SPIONs leads to an irreversible change in trans-
ferrin structure with a release of Fe. The transfer-
rin protein does not regain its original structure 
upon desorption [78]. The degree of denaturation 
in proteins is dependent on the nanomaterial 
properties and the protein itself, with some pro-
teins being more susceptible to conformation 
change than others [79]. Also, the surface func-
tionalization on nanoparticles may have an effect 
on proteins, for example CdSe nanoparticles 
functionalized with oligoethylene glycol (OEG) 
terminated with hydroxyl groups do not interact 
with chymotrypsin, however carboxylate- termi-
nated thioalkyl ligands and carboxylate- 
terminated OEG leads to denaturation and 
inhibition of enzyme activity [80]. A similar 
PEGylated gold nanoparticle mediated unfolding 
and aggregation has also been reported for lyso-
zyme (Fig. 11.8c) [81]. In this case, the 
PEGylation density was shown to play an impor-
tant role, with a low PEGylation density resulting 
in a protein aggregation and protein-Au nanopar-
ticle assemblies. A high PEGylation density was 
shown to inhibit protein adsorption and aggrega-
tion even after prolonged exposures.

11.6  Attempts on the Fabrication 
of Corona Free Nanoparticles

The fabrication of corona free nanoparticles has 
been a long standing challenge for researchers. A 
classical approach has been the use of polyethyl-
ene glycol (PEG), that is known to prevent the 
adsorption of proteins on to surfaces [82]. 
However, as mentioned earlier, recent studies 
have revealed the adsorption of plasma proteins 
on PEG functionalized nanoparticles [59]. An 
alternative to PEG has been the utilization of 
zwitterionic molecules such as amino acids and 
poly(carboxybetadiene) [83–87]. Surface func-
tionalization of silica nanoparticles with cysteine 
has been reported to increase their stability in pro-
tein (lysozyme and albumin) solutions [85]. Also, 
the functionalization of gold nanospheres with 
cysteine and lysine has been reported to reduce 
the adsorption of proteins upon incubation with 

11 Nanoparticle-Protein Interaction: The Significance and Role of Protein Corona



194

Fig. 11.8 (a) Thioflavin T fluorescence to study β2m 
fibrillation without (black) or with 85:15 NIPAM/BAM 
copolymer nanoparticles (blue) or 50:50 copolymer 
NIPAM/BAM nanoparticles (red). (Smaller symbols are 
used for 70 nm particles and larger symbols are used for 
200 nm particles). (b) Transmission electron microscopy 
(TEM) image of β2m fibres grown in the presence of 
70 nm 85:15 NIPAM/BAM copolymer nanoparticles 
(Reprinted with permission from “Nucleation of protein 
fibrillation by nanoparticles”. Copyright (2007) National 
Academy of Sciences [68]). c Schematic representation 

describing the various steps of protein unfolding and 
aggregation in the presence of gold nanoparticle (AuNPs). 
The first step (i) is characterized by a conformational 
change in the protein molecules upon adsorption onto 
AuNPs. In the intermediate step (ii) partially unfolded 
proteins on the AuNP surfaces act as a seed for further 
protein aggregation. In the final step (iii), coalescence of 
protein-coated AuNPs takes place (Reprinted with per-
mission from “Gold Nanoparticles Can Induce the 
Formation of Protein based Aggregates at Physiological 
pH”. Copyright (2009) American Chemical Society [81])
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fetal bovine serum. The low interaction observed 
for zwitterion-functionalized  nanoparticles with 
proteins is due to the lack of a net charge and 
strong hydration of these  molecules [86]. 
Functionalization with amino acids and other 
zwitterions provide an efficient mode of nanopar-
ticle fabrication, as most of these zwitterions pos-
sess functional groups for surface modifications 
and prevent non specific adsorption and shielding 
effect from surrounding proteins.

11.7  Conclusion

It has become clear that the mechanism of nano-
material interaction with biological fluids is sig-
nificantly different from the way in which bulk 
matter interacts. Such interactions greatly influ-
ence nanoparticle properties and their physiolog-
ical functions. With the rapid advancement in 
nanoparticle mediated drug delivery in pharma-
ceutical sciences, it becomes essential to study 
the interaction of such nanomaterials with their 
surrounding environment. A variety of nanoma-
terials have been studied in this context, and it 
could be stated that the interaction and influence 
of biomolecules in general and proteins in par-
ticular is unique to the nanoparticle type and can-
not be generalized. However, with the large 
volume of data available, the biological identity 
and hence physiological response of nanomateri-
als can be predicted based on the synthetic com-
positions of the nanoparticles. Also, the design of 
novel nanomaterials may be done accordingly 
depending on the desired physiological response.
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Abstract

Iron oxide nanoparticles (ION) have attracted much attention because of 
their particular physico-chemical properties, including superparamag-
netism. These features make them suitable for many purposes and several 
interesting biomedical applications, such as to increase contrast in mag-
netic resonance imaging (MRI), as drug delivery systems and as hyper-
thermia agents. However, they have also shown to be easily accumulated 
in diverse tissues and induce toxicity at different levels. This chapter 
reviews the different cellular and molecular effects induced by ION 
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with their promising applications in biomedicine, make it necessary to 
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12.1  Introduction

Among the different types of magnetic nanopar-
ticles, iron oxide nanoparticles (ION) arouse a 
particular interest due to their unique intrinsic 
magnetic properties, so called superparamag-
netism. This feature, together with their high col-
loidal stability, makes them very attractive for a 
broad range of uses. From an industrial perspec-
tive, ION are frequently used in building materi-
als, as pigments – which are low cost, colorfast, 
nontoxic and capable of imparting different col-
ors – and as a food additive, which fortifies foods 
without altering their color or taste [1]. However, 
the most promising uses of ION are in the bio-
medicine field. Among others, they have applica-
tions in MRI, targeted drug delivery, tumor 
location and treatment, gene therapy, and tissue 
repair (reviewed in [2]). These biomedical uses, 
which require that nanoparticles are directly 
introduced in the human body, give rise to con-
cerns regarding the potential toxic effects that 
may be associated with ION exposure.

12.1.1  Biomedical Applications

As mentioned before, most interesting applica-
tions of ION are in biomedicine and, particularly, 
their use as MRI contrast mediators, drug deliv-
ery systems and hyperthermia agents. ION are 
proved to be good contrast agents due to their 
superparamagnetic properties and high relaxiv-
ity, which provide significant advantages over 
traditional contrast agents [3, 4]. Since US Food 
and Drug Administration (FDA) approved the 
clinical use of ION for imaging (reviewed in [5]), 
these nanoparticles have been used in a wide 
number of MRI-based clinical applications, 
mainly for tumor detection and imaging of the 
gastrointestinal tract, and in central nervous sys-

tem for neurovascular, neurooncological or neu-
roinflammatory processes (reviewed by [6]).

The functional properties of ION as imaging 
agents and their ability to be manipulated under a 
magnetic field, make them attractive delivery car-
riers in vitro and in vivo [7]. Because of these 
properties, magnetically-driven ION-based deliv-
ery systems have been already used in clinical 
applications for extracellular, intracellular, and 
site-specific targeted delivery of biotherapeutics 
to tumorous, inflammatory and infectious sites 
under the influence of an external magnetic field). 
Several biotherapeutic agents, including chemo-
therapeutics, radiotherapeutics, anti- 
inflammatory agents, antibodies, peptides, 
oligonucleotides as well as genes, can be inte-
grated on ION in order to deliver those agents to 
specific locations [7, 9].

Hyperthermia has been used as a medical 
treatment for cancer in both traditional and mod-
ern medicine due to the fact that cancerous cells 
are more sensitive to temperature than normal 
cells). Magnetic nanoparticle-mediated hyper-
thermia is a promising therapy for the selective 
apoptosis of tumor cells through controlled heat-
ing of the altered tissue, which involves targeting 
ION to tumor tissue and then applying an exter-
nal alternating magnetic field to generate heat). 
Compared to previous hyperthermia approaches, 
ION-mediated hyperthermia is more attractive 
since it offers a way to ensure that only specific 
target tissue is heated and eventually destroyed. 
Besides, it has been revealed that magnetic 
nanoparticles, either directly injected into tumors 
or delivered intravenously, can circulate through 
the blood stream and reach target organs by active 
targeting through surface ligands [12]. In this 
context, magnetic hyperthermia has the advan-
tage that the heat source is directly in contact 
with the target cells [13].
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12.1.2  Structure and Composition 
of Iron Oxide Nanoparticles

ION are usually made of a crystalline core and a 
surface coating for stabilizing the core properties 
and enhancing biocompatibility and bioavailabil-
ity by preventing aggregation. Even though, tech-
nically speaking particles larger than 50 nm (size 
of core/shell) ION are classified as superpara-
magnetic iron oxides (SPIO), and particles 
smaller than 50 nm are ultra-small superpara-
magnetic iron oxides (USPIO) [14]; the term 
ION is usually employed in the literature to des-
ignate both of them. Likewise, in this chapter 
ION will be used to refer to both types of mag-
netic nanoparticles. ION may present multiple 
crystallographic structures that include: magne-
tite (Fe3O4), maghemite (γ-Fe2O3), hematite 
(α-Fe2O3), wüstite (FeO), ε-Fe2O3, and β-Fe2O3, 
among which hematite, maghemite and magne-
tite are the most common [1]. And, specifically, 
ION manufactured for biomedical purposes, both 
diagnostics and therapeutics, are typically formed 
by a core of magnetite or maghemite. This crys-
talline core is usually surface modified mainly 
because naked ION have high chemical reactiv-
ity, and are easily oxidized in air (especially mag-
netite), resulting in loss of magnetism and 
dispersibility. Surface modification prevents par-
ticle agglomeration, provides biocompatibility, 
and modifies cellular uptake efficiency of ION 
([15–18]. The overall size of the nanoparticles is 
significantly increased with coating, which may 
be used to modify their toxicokinetic behavior 
(penetration, distribution, excretion) [19, 20]. 
Besides, use or administration of nanomaterials 
initially reported as toxic is possible by using 
stable surface coatings. Therefore, once synthe-
sized, the iron oxide core is usually covered with 
a biocompatible coating. While the iron oxide 
core is responsible for the magnetic properties of 
ION, the ligand coat is essential to stabilize ION 
in physiological media. Different materials can 
be used to modify ION surface, including both 
polymeric and non-polymeric coatings (reviewed 
in [21, 22]). The choice of coating is mainly 
determined by the desired application concerning 
functionalization, stability or size, since every 

material has advantages and drawbacks [23]. 
Some of the most commonly used coatings for 
ION are polyethylene glycol, with good compat-
ibility, favorable chemical properties, and solu-
bility [24]; silica, largely used for bioimaging 
and biosensing purposes [25]; carboxydextran, 
used for cell labelling since it provides stability 
and increases intravascular retention time of 
nanoparticles [26]; and polyethylene imine, used 
as gene/drug delivery vehicle due to its high cel-
lular uptake [27].

Together with this primary coating, targeting 
efficiency of ION can be further improved by 
employing conjugation biomarkers on their sur-
face such as peptides, antibodies or small mole-
cules [28, 29]. Thus, ION coating has frequently 
been modified with fluorescent dyes for imaging, 
targeting molecules [34, 35], drugs or nucleic 
acids [38–40]. Nevertheless, besides providing 
generally increased biocompatibility and enhanc-
ing ION properties to be used in biomedical 
applications, surface coating may also alter ION 
toxicity (reviewed in [41]). Therefore, it is impor-
tant to carefully monitor the influence of surface 
modifications (chemical nature of coating, pres-
ence of functional groups, and net size) on ION 
toxicity. The purpose of this chapter was to 
review the ION-induced effects at cellular and 
molecular levels. In particular, studies addressing 
viability decrease, oxidative stress, mitochon-
drial alterations, cell membrane impairment and 
genetic damage on different cell systems by 
exposure to a wide variety of naked or coated 
ION were considered and described. Also, the 
most probable mechanism of toxicity of these 
nanoparticles, according the results obtained in 
all these studies, was discussed.

12.2  Cellular and Molecular 
Effects

As previously mentioned, ION have attracted 
much attention because of their particular 
physico-chemical properties, including super-
paramagnetism, which make them suitable for 
many purposes and several interesting biomedi-
cal applications. However, many studies indicate 
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that ION can easily accumulate in different tis-
sues and induce toxicity to different organs and 
systems. Thus, several toxic effects, including 
dullness, irritation, moribund condition, immu-
nological alterations, biochemical and histopath-
ological changes, inflammation in lung, or 
hepatic injuries, among others, have been 
reported in animals after ION exposure by vari-
ous exposure routes [42–44]. Because of this, 
understanding the potential risks related to their 
exposure, not only on the whole organism but 
also at cellular and molecular levels, is impera-
tive. A number of studies have been carried out in 
last decades to elucidate the toxicological profile 
of these nanoparticles as well as to define the spe-
cific conditions required to show this toxicity.

Generally speaking, most in vitro studies 
reported none or low toxicity of ION [45–47]. 
Consequently, these nanoparticles were initially 
classified as biocompatible and non-cytotoxic at 
low doses (<100 μg/ml) [48, 49]. However, there 
are also some studies reporting toxic effects of 
ION, even at such concentrations. Among them, 
several cellular and molecular effects were 
described after exposure to ION, including DNA 
damage, oxidative stress, mitochondrial mem-
brane dysfunction and cell death [41]. 
Furthermore, exposure to ION might cause cel-
lular stress, alterations in cell morphology and 
cell motility [50, 51]. Direct and indirect contact 
with ION can also affect the structure of DNA as 
well as its replication process [52]. These effects 
seem to be dependent on cell type, ION size and 
dose, exposure time and the presence and type of 
coating [53]. On this regard, several studies have 
compared the toxic effects induced by ION with 
different surface modifications. Thus, Soenen 
et al. [54] tested four different ION types 
(dextran- coated Endorem®, carboxydextran- 
coated Resovist®, lipid-coated magnetolipo-
somes, and citrate-coated very small iron oxide 
particles) on c17.2 neural progenitor cells. 
Different cytotoxic potential relating to the type 
of coating was observed in this case, resulting 
citrate-coated ION and lipid-coated ION the 
most and less toxic nanoparticles, respectively. 
Similarly, Rivet et al. [55] investigated the 
response of primary cortical neurons to aminosi-

lane-, dextran- and polydimethylamine-coated 
ION (magnetite), and observed different effects 
depending on nanoparticle dose and coating. 
Other several studies have reported similar differ-
ences in toxic ION effects according to the pres-
ence and type of coating [56–58]. Schütz et al. 
[59] suggested that these effects were not only 
nanoparticle-specific but also cell-specific. And 
other authors pointed out that ION concentration 
may be an even more critical factor for cytotoxic-
ity than surface modification or size [60, 61].

Although a variety of alterations has been 
reported after ION exposure, the ION-induced 
cellular and molecular effects most commonly 
reported in the literature include decreases in 
viability, oxidative damage, mitochondrial altera-
tions, cell membrane disruptions, and DNA dam-
age. Thus, these specific outcomes are addressed 
separately in the following subsections.

12.2.1  Viability

Most studies analyzing ION cytotoxicity are 
focused on evaluating decreases in viability of 
these nanoparticles on cell cultures with no con-
clusive results. Several studies reported no 
adverse cellular effects in different cell types 
treated with a variety of naked or differently 
coated ION. Among others, primary rat astro-
cytes [62, 63] and neurons [64], human T lym-
phocytes [65], monocytes [66], and amniotic 
fluid cells [67], murine microglial cells [68, 69], 
mouse fibroblasts [70], and both murine and 
human macrophages [71]. Nevertheless, other 
many in vitro studies have reported decreases in 
viability after ION exposure. Thus, ION (magne-
tite) was found to induce moderate time- and 
concentration-dependent decrease in viability of 
Vero cells [72]. Similarly, the same effect was 
described in other several cell systems treated 
with different ION. These cells include human 
alveolar epithelial A549 cells treated with Fe2O3 
[47], human glioblastoma and urinary bladder 
carcinoma cells after treated with rhamnose- 
coated magnetite [73], cultured rat astrocytes 
exposed to aminosilane- or starch-coated magne-
tite [74], human hepatocarcinoma cells treated 
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with cobalt ION [75], and human T lymphocytes 
treated with ION coated with carboxyl or amine 
groups [76].

As many of these studies pointed out, effects 
of ION on cellular viability depend on different 
factors including type of nanoparticle, dose, 
exposure time, cell system and culture medium. 
Together with these sources of variability, a 
recent study demonstrated that ION may indeed 
interfere with the main cytotoxicity assays 
employed to evaluate viability by significantly 
altering absorbance readings [77]. Standard pro-
tocols should be accordingly modified, in order 
to reduce these interferences and avoid false pos-
itive/negative results. The lack of interference 
evaluation in most of these previously mentioned 
studies might help to explain the high contro-
versy found in the literature.

12.2.2  Oxidative Damage

Many studies have demonstrated that most of the 
toxicity of ION arises from the production of an 
excessive amount of reactive oxygen species 
(ROS), including free radicals such as the super-
oxide anion, hydroxyl radicals and hydrogen per-
oxide [78, 79] (Fig. 12.1). There are several 
known primary sources of oxidative stress in 
response to ION: direct generation of ROS from 
the surface of ION, production of ROS via leach-
ing of iron ions, alteration of mitochondrial and 
other organelle functions, and induction of cell 
signaling pathways [80, 81].

Thus, an increased generation of ROS by ION 
exposure was previously observed in Chinese 
hamster ovary CHO-K1 cells [82], murine mac-
rophage J774 cells [83], different vascular endo-
thelial cells [84, 85], Chinese hamster lung cells 
[86], human lung A549 cells [87, 88], osteosar-
coma cells [89], brain microglia cells [90], glial 
T98G and U251MG and bladder ECV304 cells 
[73], PC12 cells [91], mouse microglial Bv2 
cells [92], and human brain-derived endothelial 
cells [93]. Not only increases in ROS levels but 
other oxidative damage was described after 
treatment with ION. Induction of ROS, depletion 
of glutathione and lower activity of superoxide 

dismutase enzyme were reported in HepG2 cells 
treated with cobalt ION [75]. Besides, intracel-
lular ROS formation together with dose-depen-
dent decline in GSH levels, and alterations in 
activity of antioxidant enzymes (lower superox-
ide dismutase and higher glutathione peroxi-
dase) were reported in murine neural stem cells 
exposed to three different ION (γ-Fe2O3): 
uncoated, coated with d-mannose, and coated 
with poly-l-lysine [94].

However, other studies reported negative 
results on ROS production after ION treatment 
[95–99]. Several authors have suggested that oxi-
dative stress and ROS generation induced by ION 
can be associated with the presence and type of 
surface coating [95, 96] but also with the cell 
type. Consequently, Petters et al. [90] found ROS 
generation in microglial cells, but not in astro-
cytes and neurons, treated with DMSA-coated 
ION (γ-Fe2O3).

12.2.3  Mitochondrial Alterations

ION can cause structural damage to mitochon-
dria and alter this organelle functionality, signifi-
cantly affecting electron flow and producing 
altered membrane potential (MMP) [100], 
 cytochrome c release [101], and uncoupling of 
oxidative phosphorylation [102]. Mitochondrial 
dysfunction exacerbates nanoparticle-mediated 
toxicity, inducing multiple cell responses [103].

Baratli et al. [104] examined the effects of 
ION (Fe3O4) on mitochondrial respiratory chain 
complex activities and mitochondrial coupling in 
young (3 months) and middle-aged (18 months) 
rat livers, finding interesting differences depend-
ing on animal age. In young individuals, ION 
exposure did not alter mitochondrial function; 
however, nanoparticles dose-dependently 
impaired all complexes of the mitochondrial 
respiratory chain in middle-aged rat liver. A sig-
nificant reduction of MMP was also found in 
ION-treated osteosarcoma [89] and breast cancer 
[105] cells, which indicated that cell death 
observed in these studies may originate from 
mitochondrial dysfunction. On the contrary, ION, 
irrespective of the type of surface coating, were 
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found to increase MMP by 30–50% in murine 
neural stem cells compared to untreated cells 
[94].

12.2.4  Cell Membrane Disruptions

Several studies on different cells systems have 
reported different plasmatic membrane impair-
ment after ION exposure [87, 89, 106]. 
Furthermore, a recent study confirmed that these 
effects may appear quickly, since several types of 
ION were found to induce significant and dose- 
dependent depolarization of the cell membrane in 
murine stem cells just after 30 s of exposure [94].

Lactate dehydrogenase (LDH) assay is a com-
mon approach to evaluate cell membrane impair-
ment because LDH released into the culture 

medium is a sensitive indicator for cell mem-
brane integrity disruption. Employing this tech-
nique, high levels of cytotoxicity in osteosarcoma 
cells exposed to magnetite [89], in human liver 
cells treated with cobalt-ION [75], in mouse 
macrophage cells treated with Fe2O3 nanoparti-
cles [107], and in human periodontal ligament 
fibroblasts and mouse dermal fibroblasts exposed 
to magnetite [108] were reported. Similarly, 
Coccini et al. [106] also observed impairment in 
cell membrane integrity, evaluated by fluorescent 
calcein-acetoxymethyl/propidium iodide stain-
ing, in neuroblastoma and astrocytoma cells 
treated with magnetite nanoparticles. However, 
opposite to these findings, Kiliç et al. [109] did 
not find any significant alteration in the percent-
age of LDH activity at any medium, concentra-
tion or treatment time tested in the study.
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Fig. 12.1 Mechanisms of ION-mediated reactive oxygen 
species (ROS) generation. ION can be internalized into 
the cell mainly by endocytosis or passive diffusion. Upon 
internalization, iron ions may be presumably released by 
lysosome degradation or directly from the ION surface. 
This ‘free iron’ can potentially cross the nuclear or mito-
chondrial membrane. In the latter case, the free iron in the 
form of ferrous ions (Fe2+) can react with hydrogen perox-
ide and oxygen produced by the mitochondria to produce 
highly reactive hydroxyl radicals (OH•) and ferric ions 
(Fe3+) via the Fenton reaction. Hydroxyl radicals gener-
ated, among other ROS, impair the general redox status of 

the cell. ION are able to target mitochondria directly, 
which can lead to mitochondrial disruption and, in turn, to 
ROS production. Oxidative stress due to excess ROS gen-
eration induces over-expression of antioxidant enzymes in 
an attempt to control ROS levels. At high levels of oxida-
tive stress, antioxidant defenses are overwhelmed, which 
leads to inflammatory and cytotoxic responses. Oxidative 
stress might induce collateral oxidative damage, such as 
lipid peroxidation, protein denaturation, DNA damage 
and immune reactivity. ION iron oxide nanoparticles, CAT 
catalase, Cyto-c cytochrome c, GPx glutathione peroxi-
dase, SOD superoxide dismutase
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As happens with other cellular effects, mem-
brane impairment induced by ION seems to be 
related to the type and dose of nanoparticles. In 
this regard, a study investigating the effect of dif-
ferent surface coatings on cell behavior and mor-
phology reported that dextran-coated magnetite 
nanoparticles induced more prominent mem-
brane disruptions than uncoated nanoparticles; 
however, albumin-coated magnetite did not show 
cytotoxic effects [110]. But also cell type seems 
to be relevant in ION effects. Li et al. [111] car-
ried out a comparative study measuring some 
cytotoxic effects, namely membrane disruption 
and intracellular enzymatic activity, in human 
cervical cancer (HeLa) cell line and immortal-
ized normal human retinal pigment epithelial 
(RPE) cell line exposed to ION (magnetite). 
Results obtained showed that uncoated ION 
resulted toxic to both HeLa and RPE cells at high 
concentration (0.40 mg/ml); however, at low con-
centrations, cytotoxicity was cell-type specific, 
being RPE cells more susceptible than HeLa 
cells.

12.2.5  Genomic Alterations

A number of in vitro studies have evaluated the 
effects of ION exposure on the genetic material 
(reviewed in [1]) (Fig. 12.2). Different kinds of 
DNA damage, including strand breaks [60, 95, 
112] and micronucleus (MN) formation [113], 
induced in cell systems after treatment with ION 
were reported. However, other several studies did 
not find any genotoxic alteration [47, 48, 86, 
114]. Lack of consistence in the results of ION 
genotoxicity make it necessary to further investi-
gate on this line. However, far from shedding 
light on this controversy, studies published these 
last years maintain the disagreement. The current 
section of this chapter is focused on the most 
recent studies carried out to further investigate 
the ION potential to induce genetic damage.

Rajiv et al. [115] observed DNA breaks and 
chromosome aberrations in human lymphocytes 
exposed to ION (Fe2O3). Similarly, Kiliç et al. 
[109] found increases in genetic damage (mea-
sured by comet assay) in neuronal SH-SY5Y 
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Fig. 12.2 ION-induced genomic alterations. ION may 
cause DNA damage through direct interaction with the 
DNA structure, or result in the generation of oxidative 
radicals that in turn have the potential to cause indirectly 
DNA damage, mainly through base oxidation (mostly 

8-OHdG). Consequently, ION exposure may induce geno-
toxic clastogenic or aneugenic effects. 8-OHdG 8 
hydroxydeoxyguanosine, DSB double strand breaks, ION 
iron oxide nanoparticles, ROS reactive oxygen species, 
SSB single strand breaks
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cells treated with silica-coated magnetite 
nanoparticles. And Pongrac et al. [95] observed 
that ION (γ-Fe2O3), uncoated or coated with 
d-mannose or poly-l-lysine, induced DNA dam-
age (also evaluated by comet assay) in murine 
neural stem cells irrespective of the surface coat-
ing. In this case, lower dose of any ION induced 
heavier DNA damage, and the lack of genotoxic 
effects at higher doses was explained by the 
aggregation behavior of ION at such concentra-
tions. In agreement with these studies, Cicha 
et al. [116] evaluated the levels of H2AX phos-
phorylated (γH2AX), as indicative of DNA dou-
ble strand breaks, in human primary tubular 
epithelial cells exposed to lauric acid-coated 
ION functionalized with mitoxantrone (ION-
MTO). They observed a significant increase in 
γH2AX foci upon treatment with ION-MTO; 
however, there was no correlation between par-
ticle content inside the cells and histone 
phosphorylation.

Opposite to these findings, Couto et al. [65] 
demonstrated absence of ION effects on the 
genetic material of human T-lymphocytes, report-
ing no chromosome aberrations in cells treated 
with polyacrylic acid-coated and non-coated 
nanomagnetite. In agreement, Paolini et al. [73] 
reported absence of genotoxic and carcinogenic 
effects of rhamnose-coated ION (magnetite) on 
mouse fibroblast Balb/c-3T3 cells. Finally, Kiliç 
et al. [109] reported absence of genotoxic effects, 
evaluated by MN test or γH2AX assay, in neuro-
nal SH-SY5Y cells treated with silica-coated 
ION.

Apart from influence of type of nanoparticle 
and coating, dose, cell type, or culture media, 
controversy in the results obtained in the differ-
ent studies on ION genotoxicity might be influ-
enced by the assay used and, consequently, by 
the type of outcome addressed. While comet 
assay in its standard alkaline version provides 
information on primary DNA damage (single 
strand breaks, abasic sites, alkali-labile sites, 
and incomplete excision repair sites), γH2AX 
assay is an indicator of double strand breaks, 
and MN test reflects chromosome alterations 
(both chromosome loss and chromosome break-
age) [109, 117].

12.2.6  Other Cellular Effects

Together with the cellular damage previously 
described, ION were also found to induce other 
different toxic effects at the cellular level, includ-
ing cell cycle alterations, cell death, cytoskeleton 
disruption, and alterations in gene and protein 
expression (Fig. 12.3). Cell cycle alterations have 
been previously observed in different cells after 
ION exposure. Particularly, cell cycle arrest in 
G2/M phase was reported in PC12 cells treated 
with Fe3O4 nanoparticles [118], and in human 
colon HT29 cells treated with ION conjugated 
with doxorubicin [119]. Similarly, Fe3O4 
nanoparticles also altered the cell-cycle progres-
sion of human mesenchymal stem cells through a 
decrease in the proportion of cells in the G0/G1 
phase [120]. However, only slight alterations, at 
high doses (200 μg/ml) and long exposure time 
(24 h) were found in neuronal cells exposed to 
silica-coated magnetite nanoparticles [109]. And 
Lai et al. [121] also found that Fe2O3  nanoparticles 
did not induce cell cycle disruptions in lung epi-
thelial cells.

Different types of cell death, including apop-
tosis, necrosis and autophagy, were also found to 
be induced by ION. Uncoated and dextran-coated 
magnetite nanoparticles induced apoptosis in 
human fibroblasts [122] and in hepatic HepG2 
cells [75]. Fe2O3 nanoparticles induced necrosis 
in mouse macrophage cells [107], and graphitic 
carbon-coated magnetic nanoparticles were 
found to cause necrosis in human embryonic kid-
ney cells [123]. Autophagy was reported in 
human blood cells [124], in osteosarcoma cells 
[89] and in breast cancer cells [105] treated with 
magnetite nanoparticles. Some studies suggested 
that ION-induced autophagy may indeed precede 
cell death by apoptosis [125], which would sub-
sequently happen by excessive accumulation of 
nanoparticles [89].

Several morphological alterations have been 
described after ION treatment in different stud-
ies. Soenen et al. [54] demonstrated that sev-
eral types of ION, namely dextran-coated 
Endorem®, carboxydextran-coated Resovist®, 
lipid-coated magnetoliposomes and citrate-
coated ION, induced important cytoskeleton 
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and morphology alterations in nervous C17.2 
neural progenitor cells and PC12 cells, regard-
less the type of coating. Also, Buyukhatipoglu 
and Clyne [126] reported cytoskeleton and 
morphology alterations in porcine aortic endo-
thelial cells after treatment with ION, and 
Gonnissen et al. [127] observed cytoskeleton 
disruption in primary monocytes and the leu-
kemic monocyte MM6 cell line exposed to 
core-shell starch-coated ION.

Finally, other molecular alterations were also 
reported as a consequence of ION exposure. Wu 
and Sun [118] found activation of JNK- and 
p53-mediated pathways to regulate the cell cycle 
and apoptosis in PC12 cells treated with ION 
(Fe3O4). Similarly, the analysis of the cell cycling 
and proliferation regulatory molecules ERK, 
p53, and AKT, implied that cell cycle arrest was 
initiated and the cells were sensitized to necrosis 

[123]. Besides, Zhu et al. [85] found upregulation 
of intracellular cell adhesion molecule-1 (ICAM- 
1) and interleukin-8 (IL-8) expression in human 
aortic endothelial cells exposed to Fe2O3 and 
Fe3O4 nanoparticles. Other several genes, includ-
ing CYP1A, TNF3, or E2F1 among others, were 
found overexpressed in response to Fe3O4 
nanoparticles in human mesenchymal stem cells 
[120]. In this line, there is enough evidence that 
ION upregulate genes that are associated with 
endothelial layer integrity [128] and lysosomal 
function [129], caspase [130] and cytokine [65] 
activation, and produce changes in iron 
metabolism- related genes [131]. ION can also 
activate and upregulate plasma membrane pro-
teins, such as nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase [132], which may 
also contribute to the underlying mechanisms 
associated with toxicity.
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Fig. 12.3 Cellular toxicity induced by ION. ION expo-
sure may lead to different cellular toxic effects including 
impaired mitochondrial function (and, consequently, 
apoptosis), lysosomal damage/dysfunction, cell mem-
brane disruption, cytoskeleton disruption, DNA damage 
and cell cycle alterations. Besides, accumulation of high 
amounts of ION and iron in the cytoplasm leads (in fewer 
cases) to cell death by autophagy. All these effects may be 
produced by ION not only directly, but also indirectly 

through generation of reactive oxygen species (ROS) and 
iron ion release. Increased ROS levels would lead to 
enzyme depletion/inactivation, protein denaturation, 
genetic alterations or impacts on cell cycle or on cytoskel-
eton, among others; whereas ion release would cause 
genomic damage, iron imbalance and might eventually 
result in cell death. ION iron oxide nanoparticles, ROS 
reactive oxygen species
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12.3  Toxicity Mechanism

Due to the high variability in the results from the 
ION cellular and molecular toxicity studies, the 
mechanisms by which these nanoparticles might 
impair the different processes involved in cellular 
functions and maintenance are not well under-
stood. Still, one of the most commonly suggested 
mechanisms of ION toxicity is the generation of 
ROS [78, 79, 133, 134]. As previously described, 
a number of in vitro studies have associated cyto-
toxicity induced by ION with oxidative stress and 
ROS production [75, 89, 126]. High ROS levels 
can damage cells by producing lipid peroxida-
tion, mitochondrial damage, DNA disruption, 
gene transcription modulation, and protein oxi-
dation, which can then trigger a cascade of Ca+2- 
dependent signaling mechanisms, resulting in 
decline of physiological functions and cell apop-
tosis/death [135]. Consequently, oxidative stress 
plays a very important role in various vital pro-
cesses of proliferation and apoptosis [89]. 
Accordingly, presence of high intracellular ROS 
levels was reported to be associated with differ-
ent ION-induced cytotoxic effects, including 
cytoskeleton disruption [126], apoptosis [75] and 
autophagy [89]. However, other studies reported 
no induction of oxidative stress-mediated toxic 
effects [95, 98, 99].

Together with ROS production, among the dif-
ferent mechanisms possibly involved in ION tox-
icity, it is also remarkable the ability of these 
nanoparticles to release iron ions. Ionic forms of 
iron, ferric (Fe3+) and ferrous (Fe2+), are essential 
in the cell since they play a critical role in impor-
tant organic metabolic pathways, including cyto-
chrome P450 function, mitochondrial oxidative 
phosphorylation, oxygen transport, DNA synthe-
sis, and energy production [136]. Nevertheless, 
excess of this metal can be very toxic and, there-
fore, iron levels must be strictly controlled in the 
organism. Free iron released from ION can be 
incorporated to the normal cellular iron pool 
causing elevated intracellular iron concentrations 
[62, 69, 137]. This excess of iron has been found 
to cause elevated ROS generation through the 
Fenton reaction, resulting in oxidative stress that 
damages DNA, lipids and proteins [138, 139].

12.4  Conclusions

Initially ION seemed to be safe for biomedical 
use, since their potential cytotoxic effects, if any, 
were usually slight or limited to specific condi-
tions (e.g., highest doses and/or longest exposure 
times). Moreover, ION cytotoxicity was initially 
considered only as a decrease in cell viability. 
Nevertheless, as many of the studies gathered in 
this chapter have demonstrated, these nanoparti-
cles can exert other important effects on the cell 
dynamics and physiology. Indeed, different cel-
lular and molecular effects – mainly dependent 
on ION type and concentration, time of exposure, 
presence and type of coating, and cell type evalu-
ated – have been reported after ION exposure in 
in vitro studies. Those effects include decreases 
in viability, plasmatic membrane disruption, 
mitochondrial alterations, oxidative damage, cell 
cycle impairments, cytoskeleton disruption, cell 
death, and alterations in cell motility, and in cell 
integrity.

Hence, criteria to define ION toxicity must be 
clearly defined and, as previously suggested by 
other authors [41], terms such as ‘biocompatibil-
ity’ must be re-evaluated. Despite the reported 
negative effects, the numerous advantages of 
ION together with their promising applications in 
biomedicine make it necessary to define clearly 
their toxicity, in order to discard potential health 
risks and to reach optimal benefits of their use. 
Furthermore, the development of standardized 
nanotoxicity testing methods would help to gen-
erate results comparable across studies, thus 
assisting to define conditions to use ION under 
minimal reasonable risks for human health.
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Abstract

This chapter will present an original effort to summarize the relevant data 
about the cyto-genotoxicity induced by cerium dioxide nanoparticles 
(nanoceria) in physiologically (in vivo and in vitro) relevant models. In this 
way, this chapter should be extremely useful to everyone who wants to plan 
their research and publishing their results. Massive application of nanoceria 
at different fields is increasing year after year, and it is urgent to address and 
discuss their use and its safety-related issues. Specifically, the nanoceria are 
being designed for nanomedicine, cosmetics, polishing materials and addi-
tives for automotive fuels. Their unique properties include the ability to 
absorb UV radiation, antioxidant potential and the rapid exchange of 
valence between Ce4+ and Ce3+ ions associated to oxygen storage. In 
this chapter, the state of the art regarding the physicochemical properties of 
nanoceria, nanogenotoxicity detected by in vitro and in vivo systems and 
the general aspects in the cyto-genotoxic mechanism of nanoceria are sum-
marized. The cyto-genotoxicity will be discussed in terms of evaluations by 
Comet assay, Micronucleus test, DNA damage response and oxidative 
stress detected in cell culture systems and in vivo test. We also described 
the dose dependent cyto-genotoxic effects of nanoceria based on their 
physical-chemical nature. Paradoxically, these particles have been charac-
terized as either pro-oxidant or anti-oxidant in dependence of microenvi-
ronment and physiological conditions such as pH. Finally, this chapter will 
contribute to point out aspects of the development of new in vitro and 
in vivo methodologies to detect cyto-genotoxic effects of the nanoceria.
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13.1  Introduction

The OECD (The Organization for Economic 
Co-operation and Development) presents a list of 
engineered nanoparticles (ENPs) that are repre-
sentative of products on the market and therefore 
considers them as references for safety, risk and 
toxicology studies of ENPs. The list also includes 
ENPs that are currently produced on a large scale, 
such as fullerenes, carbon nanotubes (CNTs), 
and nanoparticles (NPs) from silver, iron, tita-
nium dioxide, aluminum oxide, cerium dioxide, 
zinc oxide, silicon oxide NPs, dendrimers, gold 
and clays. According to the OECD, the materials 
presented are not prioritized and the list reflects 
only a momentary choice and other ENPs can be 
included as new needs appear (OECD 2010). 
From this list chapter will be focused on the stud-
ies of cyto- and genotoxicity of cerium dioxide 
NPs (nanoceria-CeO2 NPs).

Among the properties of nanoceria which 
make them interesting include their ability to 
absorb UV radiation, their antioxidant properties 
and the rapid exchange of valence between Ce4+ 
and Ce3+ ions associated with oxygen storage [1]. 
Nanoceria are being designed for (bio)medical 
application, cosmetics, polishing materials and 
additives for automotive fuels [1, 2]. For example, 
the addition of 5 mg·L−1 of nanoceria (Envirox®) 
in diesel has been used to reduce fuel consump-
tion by 5–8% and toxic gas emissions to the 
atmosphere by 15% [3]. Although these nanoceria 
products benefit their users and the global econ-
omy, they pose an increase risk to researchers, 
workers and consumers [4] and also to the envi-
ronment [5–8].

The use of these particles as a fuel additive, 
for example, may increase the rate of nanoceria 
suspended in the air after disposal by cars and 
trucks. Actually, nanoceria have been detected by 
atmospheric monitoring in roadside airborne 
samples taken at London and Newcastle, United 

Kingdom [9, 10]. In addition, workers involved 
in the synthesis, transport or handling of ENPs 
are already being exposed to these materials 
which are mainly produced in the form of bulk 
powder [11]. Exposure to nanoceria may occur 
through inhalation, contact with the epidermis 
and ingestion. The inhalation has been the route 
most studied when compared to the others [12]. 
However, as they are also being designated for 
therapeutic and diagnostic applications, exposure 
to the digestive tract and blood vessels may also 
occur directly or indirectly [13] (Fig. 13.1).

The kinetics of nanoceria in biological sys-
tems is still poorly understood and the particoki-
netics was introduced [14] as an attempt to 
decipher the interaction and fate of NPs in bio-
logical systems which needs, urgently, too be 
addressed. In this context, the toxic effects of 
nanoceria can be discussed at molecular, cellular 
and organism levels. The difficulty of under-
standing the dynamics of nanoceria into organ-
isms is due to the large number of variables 
involved, among them can be cited: [1] size, 
shape, and surface charge (zeta potential); [2] 
composition, density and stability of the material 
under biological/physiological conditions; [3] 
and properly the different physiological condi-
tions such as the pH (mouth vs. stomach vs. 
intestine), the presence of the serum proteins (in 
the bloodstream). In particular, pH has an impor-
tant influence on the cyto-genotoxicity of 
nanoceria [15].

At the molecular level an interaction between 
nanoceria and biomolecules (mainly to proteins 
from serum) known as corona effect changes the 
diffusion, agglomeration, sedimentation and 
interaction of these ENPs on cell surface, thus 
directly impacting the cell uptake and culminat-
ing in different toxic effects. The adsorptions of 
these proteins on ENPs are able to increase their 
dispersion and/or increase the cell uptake by 
facilitating the recognition by phagocytic cells. 
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Specially, nanoceria is involved in interactions 
with thiol-containing biomolecules [16]. At the 
cellular level, nanoceria kinetics may be affected 
by intracellular uptake pathways. Mammalian 
cells have five possible internalization pathways: 
phagocytosis (particles >0.5 μm), macropinocito-
sis (particles >1 μm), clathrin-mediated endocy-
tosis (particles ~ 100–150 nn), caveolin-mediated 
endocytosis and caveolin- clathrin-independent 
endocytosis [17]. The studies performed until 
now detected nanoceria inside lysosomes (indi-
cating an entry by phagocytosis or endocytosis), 
but nanoceria were also detected freely in cyto-
plasm showing that these NPs are also able pass 
through the membrane [18], another possibility is 
that nanoceria would disrupt the lysosome mem-
brane and them escape directly to cytoplasm. 
Nanoceria can be internalized via clathrin- 
mediated endocytosis into cells. Moreover, the 
interaction between transferrin in the protein 
corona and the transferrin receptor in lung cells is 
involved in mediating the cellular entry of 
nanoceria. Interesting, under these conditions 
nanoceria does not affect cell growth, viability or 
metabolism. Otherwise in serum-free conditions 

these ENPs induce plasma membrane disruption 
and cause changes in cellular metabolism. Thus, 
this study provides significant insight into how 
different outcomes are dependent from microen-
vironment which nanoceria are found [19].

As we described before nanoceria effects are 
influenced by pH. Thus, once inside of cells these 
ENPs can entry in contact with different microen-
vironments and consequently to distinct pH. Into 
endosomes they will be submitted to an acidic pH 
(pH 6.2–6.5) and later in the lysosomes an even 
more acidic microenvironment (pH 4.5–5.5) [15, 
18] which are distinct from pH in the cell cyto-
plasm (pH 7.2–7.8). Nanoceria was already co- 
localized with mitochondria, lysosomes and 
endoplasmic reticulum as well as being abundant 
in the cytoplasm and the nucleus [20]. Therefore, 
in all these microenvironments nanoceria will still 
be submitted to different pHs and moreover to sev-
eral enzymatic reactions which are able to modify 
their properties and initial characteristics. Also in 
this context, exocytosis appears as a cellular 
excretion pathway for this ENPs [21]. However, 
until now few studies were dedicated to issues 
related to biotransformation, transport and second-

Fig. 13.1 Biodistribution 
of nanoceria into human 
organism after inhalation
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ary localization of nanoceria inside cells and their 
excretion or elimination. Thus, more efforts are 
urgently necessary to solve these questions.

Finally, the in vivo particokinetics is based on 
the absorption, distribution, metabolism and 
excretion (ADME) of the ENPs in the organism 
and also depends on the type of organism or 
model of exposure, exposure routes (inhalation, 
ingestion, dermal, injection), exposure time and 
nano-specific properties [15, 18, 22]. As previ-
ously described, nanoceria are able to move 
through biological systems, allowing a variety of 
interactions (cellular, biochemical and molecu-
lar), leading to toxicity to the organism. It is 
already known that ENPs are able to penetrate 
cells by different mechanisms, and subsequently 
enter the nucleus by diffusion through the nuclear 
membrane (if they are small enough); transport 
through the nuclear pore; or may enter the nucleus 
by chance when mitosis occurs (during the pro-
cess of cell division the nuclear membrane dis-
solves and forms again later in daughter cells). In 
this sense, it is of greater concern the potential of 
nanoceria to induce damage to DNA molecule, 
and consequently a direct relation to the process 
of carcinogenesis [23]. Thus, in the next sections 
we are going to discuss genotoxic effects induced 
by nanoceria in cell culture systems and in the 
entire organism as well as physicochemical char-
acteristics correlated to these effects.

13.2  Physical-Chemical 
Characteristics of Nanoceria 
Governing Biological 
Outcomes

Among the parameters that must be taken into 
consideration in nano-genotoxicology size is one 
of the most important, because it is a critical fea-
ture to determine the interaction of nanoceria with 
biological systems. A variety of methods can be 
applied for this purpose, such as Brunauer- 
Emmett- Teller (BET), transmission electron 
microscopy (TEM), scanning electron microscopy 
(SEM), atomic force microscopy (AFM) and 
dynamic light scattering (DLS – dynamic light 
scattering) [24, 25]. However, it is noteworthy that 

these different techniques may result in different 
sizes for the same particles. This is mainly due to 
the intrinsic differences of each methodology, 
among which we can mention: variations in the 
methods of preparation of the samples and proce-
dures of operation of the instruments [24, 26].

Thus, with the idea of a practical explanation 
it is possible to divide the particle size into pri-
mary and secondary sizes. We can define as pri-
mary the post-synthesized size of the particles 
obtained, for example, with the TEM technique. 
The secondary one refers to the modifications 
undergone to this primary size, as that obtained in 
physiological solutions with the adsorption of 
proteins and nutrients on the particles – denomi-
nated corona effect; or by agglomeration due to 
non-covalent interaction such as van der Waals 
forces inducing formation of larger sized grouped 
ENPs which can be equally or heterogeneously 
distributed [27].

The DLS technique measures time-dependent 
fluctuations in the scattering intensity of the light 
produced by particles in Brownian motion, and 
the particle size is calculated by applying the 
Stokes-Einstein equation. The size obtained by 
DLS is generally larger than the values reported 
by other techniques, such as TEM, BET, etc. This 
can be attributed to the fact that the DLS mea-
surement is performed on a set of particles in liq-
uid solution and to that extent some solvent layers 
are included on the particles [28]. Furthermore, 
during DLS measurements, there is a tendency 
for the particles to form agglomerates in physio-
logical solutions, so that the measured size is 
influenced by the agglomerated ENPs [24, 25]. 
Therefore, the DLS technique is an indispensable 
tool in toxicity studies of nanoceria. For it mea-
sures the hydrodynamic diameter under condi-
tions very similar to in vitro or in vivo exposure 
conditions, providing data on the stability of the 
particle suspension relative to the time, type of 
culture medium or type of exposure condition 
[11, 29, 30].

The zeta potential (ζ) is a measure of the 
charge of repulsion or attraction between the 
ENPs, and is one of the known fundamental 
parameters that influence the stability of the sus-
pensions and the formation of agglomerates. 
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Empirical data demonstrate that electrostatic sta-
bility requires a zeta potential of at least ± 30 mV, 
however stability with low zeta potential can 
occur by means of steric stabilization (by coating 
them superficially with a layer of polymer, pro-
tein or dendrimer). Patil et al. (2007) reported 
that nanoceria with positive zeta potential adsorb 
many proteins on their surface [31]. In addition, 
albumin present in fetal bovine serum (FBS) used 
to supplement culture medium to in vitro experi-
ments, has a negative charge of −20 mV at physi-
ological pH [32], and it is expected to influence 
the charge detected for nanoceria into in vitro 
conditions. Moreover, the use of this technique 
has demonstrated that ENPs suspended in culture 
media form agglomerates influencing responses 
in the cyto-genotoxicity assays [33].

Thus, it is important to note that the deposition 
of the ENPs on the cells has a direct impact on 
the concentration unit of NPs per cell. In this 
context, there is a definition of three different 
dose levels for toxicology of NPs in vitro: admin-
istered dose, delivered dose and cellular dose. 
The administered dose or concentration in cul-
ture medium is the most common measure in 
classical toxicology (e.g.: mass/volume); but 
unlike soluble chemicals, agglomerated nanoceria 
can be deposited on the cells; this effect could be 
determined by SEM analyzes which detected a 
diffuse deposition of these nanoceria agglomer-
ates on cell surfaces of fibroblast cells [34]. 
Moreover, the cell density will influence the 
direct contact with those ENPs and their agglom-
erates (delivered dose) [35]. Finally, the cellular 
dose is influenced by the mechanism of uptake of 
the ENPs [endocytosis/phagocytosis or nanopen-
etration (diffusion through the plasma mem-
brane)] by the cells [36, 37].

13.3  DNA Damage Response 
Pathways Integrated 
to Cellular Outcomes 
Detected by In Vitro Systems

Since ENPs can enter into nucleus, a direct inter-
action between them and DNA can lead to physi-
cal damage to the genetic material. Nanoceria 

(primary size of 2.5 nm and hydrodynamic size 
of 580 nm) was identified into nucleus of macro-
phage cells after 24 h of treatment, but no signs 
of necrosis, apoptosis or chromatic condensation 
were observed [38]. On the other hand, Benameur 
et al. (2014) observed that human fibroblasts 
treated with cells cerium oxide (CeO2) NPs 
presented a statistically significant (p < 0.001) 
increasing of micronuclei frequency when com-
pared to untreated cells, which points to the clas-
togenic potential of these NPs [39].

Alternatively, DNA damage can occur through 
indirect mechanism which there is no physical 
interaction with DNA molecule, but with pro-
teins involved in the process of replication and/or 
DNA damage repair. In addition, they may acti-
vate other cellular responses that induce genotox-
icity, such as reactive oxygen species (ROS) 
production, oxidative stress, inflammation and 
erroneous cell signaling [4]. Currently, ROS gen-
eration is considered to be the major cause of 
ENP cytotoxicity [40]. As a consequence, expo-
sure to ENPs can affect, through the formation of 
ROS, the cellular signaling cascade that controls 
cell proliferation, inflammatory processes and 
cell death. The induction of oxidative DNA dam-
age has been shown to be one of the effects that 
govern the genotoxicity of ENPs [41, 42].

The literature shows a conflicting data about 
the cyto-genotoxic effects induced by nanoceria 
[43–45] Paradoxically, nanoceria have also been 
characterized as either pro-oxidant or anti- 
oxidant agent [46]. A genotoxic effect was 
observed in human fibroblast exposed to 
nanoceria (primary size of 25 nm and hydrody-
namic size of 580 nm) by a period of 24 h detected 
by Comet Assay using hOGG1-modified proto-
col to identify oxidative DNA damage [34]. 
Mittal and Pandey (2014) also reported the induc-
tion of oxidative DNA damage (Comet Assay 
with FPG) in lung (A549) cells after exposure to 
25 μg/mL, 50 μg/mL, and 100 μg nanoceria for 
6 h [47]. Auffan et al. (2009) also described the 
induction of DNA damage (Comet Assay) 
detected in primary fibroblasts exposed to 
nanoceria (6 × 10−6 – 1.2 g/L) for 24 h and with 
the addition of an antioxidant to the treatment a 
reduction of the damage was observed [48]. 
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Pierscionek et al. (2010) reported the absence of 
genotoxic effect in human lens epithelial cells 
exposed to 10, 20 and 100 μg/mL during 48 h; 
however increasing the exposure time (72 h) 
there was a significant difference in DNA dam-
age between all nanoceria dosages and the posi-
tive control [49], indicating that the genotoxicity 
of these ENPs after in vitro exposure is time- 
dependent and related to dissolution rate.

DNA fragmentation is also revealed by flow 
cytometry using iodide bromide as DNA marker 
and characterized as subG1 cell population. The 
increase of cells in subG1, after treatment with 
nanoceria was reported to human bronchial epi-
thelial cells after exposure to 45 nm nanoceria 
(40 μg/mL) for 24 h [50]. An increase in subG1 
cell population was also observed to human 
fibroblast after exposure to these ENPs for 24 h; 
however, this effect was not observed at later 
times of incubation (48 and 72 h), demonstrating 
a cell recovery of these transient effect [34]. 
Other toxicological studies have shown a 
decrease in the viability of mammalian cells as a 
result of ROS formation induced by nanoceria 
exposure [3, 48, 51]. The antioxidant response 
pathway mediated by p38-NRF2 proteins was 
also activated after exposure to these ENPs [50]. 
The mitogen-activated protein kinase (MAPK) 
pathway was also triggered in response to the 
oxidative stress (detected by fluorometric 
assay using intracellular oxidation of 
2,7- dichlorofluoroscein diacetate -DCFH-DA as 
marker) in liver cell carcinoma (SMMC-7721). 
Specially, phosphorylation of the ERK, JNK and 
p38 proteins (the three main components of the 
MAPK pathway) were up-regulated by nanoceria 
treatment. The phosphorylation of these proteins 
occurs under stress conditions and regulates sur-
vival, death and cellular adaptation to stressful 
stimuli [44].

As consequence of excessive DNA damage 
cell undergoes cell death mainly by apoptosis. 
Nanoceria (5 and 10 μg/mL) was able to induce 
apoptosis characterized by activation of Bax, loss 
of mitochondrial membrane potential and DNA 
fragmentation in human monocytes after 40 h of 
the exposure, while caspase activation or ROS 
production were not observed [52]. Autophagy 

can also be triggered as resistance mechanism to 
the stress stimuli generated by these ENPs. 
Moreover, pharmacological inhibition of TP53 
resulting in an increased autophagic response 
with apoptosis levels remaining unchanged after 
nanoceria treatment [45]. All these results 
together demonstrated the role of the pro-oxidant 
effect triggered by nanoceria resulting in DNA 
damage and consequently leading to cell death 
mainly by apoptosis.

Although several deleterious effects of 
nanoceria have been attributed to their oxidative 
potential, paradoxically, there are also reports of 
antioxidant and anti-inflammatory properties for 
these ENPs [53, 54]. A radioprotective activity 
was described [55, 56], which suggested that 
these ENPs act as ROS scavenger and also induce 
increased expression of the superoxide dismutase 
2 (SOD2) enzyme, counterbalancing the 
radiation- induced oxidative stress. In this sense, 
nanoceria was described as a tool to control oxi-
dative stress in cardiac progenitor cells (CPCs) 
[43]. It was demonstrated that treatment with 
nanoceria did not affect the growth and function 
of CPCs, nor promoted ROS generation. In fact, 
these ENPs were able to protect CPCs from 
H2O2-induced cytotoxicity. Based on these 
results, some authors suggest the use of nanoceria 
in therapies, since many pathologies are linked to 
oxidative stress and inflammatory processes, and 
these ENPs could have benefits on these effects 
[57–62]. Therefore, the dual role of nanoceria 
which present both oxidant and antioxidant prop-
erties makes these ENPs important for biological 
applications. This double role is influenced by 
the presence of oxygen vacancies and, mainly, by 
the redox cycle (coexistence of Ce3+ and Ce4+ 
ions) occurring on the ENP surface. For example, 
the concentration of Ce3+ ions is described as 
responsible for the anti-apoptotic effect to 
nanoceria observed in two lymphoid cell lines 
(U937 and Jurkat) treated with etoposide [57].

Considering that oxidative stress is one of the 
main toxicity mechanisms of nanoceria, particu-
lar attention should be given for the potential 
of Ce3+ and Ce4+ ions to mimic the action of 
superoxide dismutase (SOD) and catalase 
enzymes, respectively [46]. When there are a 
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higher proportion of Ce3+ ions, the particles 
exhibit properties similar to that of the SOD 
inducing H2O2 production. However, when Ce4+ 
ions are found in a higher proportion into 
nanoceria they may mimics properties of the cat-
alase enzyme, which is capable of degrading 
H2O2. Therefore, the ratio of Ce3+/Ce4+ ions 
defines the specific “enzymatic” properties of 
these ENPs [46]. Furthermore, taking into 
account the great cytotoxicity of H2O2, the imbal-
ance of redox cycle is intrinsically related with 
nanoceria toxicity. On the other hand, when the 
two nanoceria activities are coordinated, that is, 
when the degradation rate of H2O2 is greater than 
or equal to its production, these NPs present an 
antioxidant activity [46].

As mentioned above, the nanoceria dissolu-
tion kinetics is intrinsically related to ROS pro-
duction and consequently to the toxicity of these 
NPs. In this context, for example, it has been 
shown that the increase of Ce3+ ions on the sur-
face of CeO2 NPs induce DNA damage and lipid 
peroxidation. In addition, it has been demon-
strated that the administration of Ce3+ ions in 
cells and animals damaged several proteins, such 
as the enzyme superoxide dismutase, which is 
directly related to ROS production [39, 63–65]. 
According to reports in the literature, ENP sizes 
may influence the proportion of Ce3+/Ce4+ ions 
[66] and, consequently, affect the properties of 
nanoceria which would reflect directly on bio-
logical responses after exposure to these ENPs. 
Moreover, it is very important to note that 
nanoceria NPs toxicity is also related with their 
dissolution kinetics in water. Thus, the employ-
ment of agents to maintain the stability of these 
NPs in aqueous dispersions is essential to ensure 
their safety use [67].

It is described enzyme mimetic properties of 
nanoceria that it is also related to the coexistence 
of Ce3+ and Ce4+ ions [46]. Moreover, the ratio of 
Ce3+/Ce4+ ions defines the specific “enzymatic” 
properties and toxicity of these ENPs. When 
there are a higher proportion of Ce3+ ions, the 
particles exhibit properties similar to that of the 
enzyme SOD (catalyzing superoxide molecules). 
However, when Ce4+ ions are found in a higher 
proportion into nanoceria it may mimics proper-

ties of the catalase enzyme (capable of degrading 
H2O2). It is important to report that H2O2 produc-
tion occurs when nanoceria act as SOD, and H2O2 
has a potent cytotoxicity [46]. As the two activi-
ties (SOD and catalase) are present in the 
nanoceria, the H2O2 produced by the SOD func-
tion enters the catalase mimetic cycle, generating 
H2O and O2 as final product. However, the anti-
oxidant property of nanoceria is only effective 
when the two activities are coordinated, that is, 
when the degradation rate of H2O2 is greater than 
or equal to its production. If this rule is not 
obeyed there is an imbalance and other effects 
can be observed [46]. According to reports in the 
literature, ENP sizes may influence the propor-
tion of Ce3+/Ce4+ ions [66] and, consequently, 
affect the properties of nanoceria which would 
reflect directly on biological responses and toxic-
ity after exposure to these ENPs. In this sense, 
the revised data indicated that the antioxidant 
property and toxicity of nanoceria is related to 
size and to dissolution kinetics of nanoceria in 
the aqueous medium.

The properties of nanoceria may also be influ-
enced by pH including a key role in the cytotoxic 
profile of nanoceria [68]. Asati et al. (2010) 
reported the localization of nanoceria (1.0 mM) 
in the cytoplasm and vesicles of the lysosomes 
type upon entry into the cell after exposure by 
3 h. Minimal effects are detected when the ENPs 
are lodged in the cytoplasm. In contrast, nanoceria 
exhibit a strong cytotoxic effect when located on 
lysosomes of cancer cells. This effect is due to a 
pH ranging from acidic (4.5–5.0), in the interior 
of the lysosomes compared to the slightly basic 
cytosol (pH 7.2) that stimulates another mimetic 
property of nanoceria. Therefore, the microenvi-
ronment plays a fundamental role in the toxic 
aspects triggered by these ENPs [68].

13.4  Nanogenotoxicity Detected 
by In Vivo Systems

The genotoxicity induced by in vivo exposure to 
nanoceria may arise through direct and indirect 
mechanisms and are dependent of nano-specific 
properties, model system, concentration, time 
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and route of exposure. Furthermore, the in vivo 
studies are more complex compared to in vitro 
one’s due to distinct ENP behavior into organ-
isms, such as formation of the nanoparticle- 
protein corona, as well as limitation to detect the 
exactly concentration reaching each tissue and 
cell and its correlation with toxic effects in a tis-
sue/cell specific pattern [4].

Figure 13.2 describes the potential mechanism 
of genotoxicity of nanoceria after in vivo expo-
sure. After uptake into the cell nucleus, ENPs can 
interact with the DNA and/or DNA-related pro-
teins and induced direct damage to the DNA mol-
ecule. On the other hand, the indirect mechanisms 
involved in the nano-genotoxicity include toxic 
effects of ions released from soluble ENPs, ROS 
generation, oxidative stress, inflammatory 
response and abnormal cellular signalization. 
Furthermore, the long-term exposure to ENPs 
may lead to chronic inflammatory responses, 
which have the potential to induce oxidative 
DNA damage [69]. Although the epigenetic mod-
ifications induced by nanoceria after in vivo 
exposure remain unknown, recent studies indi-
cated the potential of ENPs to induce epigenetic 
alterations, such as DNA methylation, histone 
modifications and microRNA mediated mecha-
nisms [70, 71], indicating potential epigenetic 
effects of nanoceria. Garaud et al. also indicate 
that further studies about the co-exposures with 
pro-oxidant substances and nanoceria should also 
be conducted to confirm their potential antioxi-
dant properties. In this sense, the revised data 
(Table 13.1) indicated that more studies about the 
in vivo genotoxicity of nanoceria are urgently 
needed [72].

13.5  General Aspects in the Cyto- 
Genotoxic Study 
of Nanoceria

Several different cell lines can be used in the 
cytotoxicity and genotoxicity studies of 
nanoceria, such as macrophage cells, which have 
a higher phagocytic activity than other cells lines 
[83, 84]. Due to this ability, these cells can phago-
cyte nanoceria more efficiently than other cells. 

Moreover, macrophages can cross biological bar-
riers, determining the biopersistence of foreign 
particles and initiating inflammatory responses. 
Thus, macrophages [85] can be considered as a 
valuable cell model for assessing the nanoceria 
toxicity.

Moreover, the vast majority of in vitro studies 
used a two-dimensional cell layer approach. This 
type of approach turns out to be quite different 
from the natural in vivo three-dimensional envi-
ronment of cells development, which is com-
posed by different cell types. This is one of the 
reasons why some in vitro results are not equiva-
lent to those obtained in vivo [86]. In this context, 
efforts have been made to combine the benefits 
derived from the use of in vitro methodologies 
with a microenvironment that more accurately 
represents the functioning of the organism [87]. 
Thus, multicellular 3D systems have been devel-
oped using different cell types and extracellular 
matrices in order to reproduce the complexity of 
an in vivo environment, these properties hardly 
affect the uptake and cell contact to nanoceria. In 
this context, some studies [88] have shown that 
the use of these methodologies effectively simu-
late the organic environment in which cells origi-
nally developed, providing more realistic 
morphological and physiological patterns than 
normal in vitro techniques. Thus, this kind of 
approach in an interdisciplinary methodology 
application is strongly required to a completely 
evaluation of the effects induced by nanoceria 
into biological systems.

13.6  Conclusion

In conclusion, the potential genotoxic effects of 
nanoceria after in vitro and in vivo exposure were 
revised in this study. The revised data indicates 
that the nanoceria genotoxicity is mediated by 
direct and indirect mechanisms, which are depen-
dent on their nano-specific properties, experi-
mental design, microenvironment and 
physiological conditions. Moreover, new models 
must be employed in order to elucidate the 
molecular mechanisms of nanoceria toxicity. In 
addition, efforts should be made to standardize 
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Fig. 13.2 General scheme illustrating the potential 
mechanism of genotoxicity (direct and indirect) of 
nanoceria after in vivo exposure. The epigenetic modifica-

tions induced by nanoceria deserve further studies and 
were not included in the scheme

Table 13.1 General data about nanoceria toxicity studies which employed in vivo systems

Species Results NP diameter References

Caenorhabditis 
elegans

Induced ROS accumulation, oxidative damage and lead to a 
decreased lifespan

8.5 
+/− 
1.5 nm

[73]

Danio rerio Caused no significant adverse effects 2.8–
11.6 nm

[74]

Drosophila 
melanogaster

Caused no significant adverse effects <25 nm [75]

Lactuca sativa Lettuce treated with 100 mg·kg-1 of CeO2NPs grew significantly 
faster than other treatment groups

<25 nm [76]

Mus musculus Induced inflammation 16–22 nm [77]

Mus musculus Decreased fertilization rate 7 nm [78]

Mus musculus Increased the number of neutrophils and cytokines levels 15–30 nm [79]

Paracentrotus 
lividus

Induced strictly packed membranes, reduced levels of GRP78 50–105 nm [80]

Rattus norvegicus Reduce apoptosis and lipid peroxidation 3–5 nm [81]

Rattus norvegicus Induced ROS generation and decreased NO production 4 ± 1 nm [82]
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the synthesis methods in order to control the size, 
shape, composition and surface loading of these 
ENPs as well as the determination of the 
nanoceria properties after entering in biological 
systems. These efforts will allow the determina-
tion of the ionic dissociation kinetics of nanoceria 
and a more accurate estimation of Ce3+/Ce4+ ions 
ratio, allowing a better understanding of the cyto- 
genotoxicity of ENPs resulting in the safe appli-
cation of nanoceria for therapeutic purposes as 
well as their use in industrial applications.
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Mechanisms Underlying 
Neurotoxicity of Silver 
Nanoparticles

Lidia Strużyńska and Joanna Skalska

Abstract

The potent antimicrobial properties of nanoparticulate silver (AgNPs) 
have led to broad interest in using them in a wide range of commercial and 
medical applications. Although numerous in vivo and in vitro studies have 
provided evidence of toxic effects, rapid commercialization of AgNP- 
based nanomaterials has advanced without characterization of their poten-
tial environmental and health hazards. There is evidence that AgNPs can 
be translocated from the blood to the brain, regardless the route of expo-
sure, and accumulate in the brain over time. As the brain is responsible for 
basic physiological functions and controls all human activities, it is impor-
tant to assess the hazardous influence of AgNPs released from widely used 
nanoproducts and possible side effects of AgNP-based therapies. A num-
ber of studies have suggested that the size, shape and surface coating, as 
well as rates of silver ion release and interactions with proteins are the key 
factors determining the neurotoxicity of AgNPs. AgNPs target endothelial 
cells forming the blood-brain barrier, neurons and glial cells and leads 
finally to oxidative stress-related cell death. In this chapter, we review in 
detail current data on the impact of AgNPs on the central nervous system 
and discuss the possible mechanisms of their neurotoxic effects.
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14.1  Commercial and Medical 
Applications of AgNPs

In recent years, metallic nanoparticles in general 
and AgNPs in particular have attracted signifi-
cant attention because of their unique properties 
and potential uses in a wide spectrum of applica-
tions. AgNPs have been subjected to numerous 
research investigations to gather information 
about their useful properties as well as their 
toxicity.

It has been shown that AgNPs are relatively 
easy to synthesize and possess a series of features 
such as stable morphology, high surface-to- 
volume ratio, useful chemical properties relating 
to surface and cell penetration capability which 
can be useful for many purposes, including ther-
apy and diagnosis. The strong antimicrobial 
properties of AgNPs and a large plasmon field 
area have also proved their relevance in medical 
and pharmaceutical sciences. Incorporated into 
different materials, AgNPs can also be utilized in 
such areas as engineering, food and textiles [1, 
2]. Currently, AgNPs are widely used in a vast 
array of commercial products [3]. They are pres-
ent in toys, refrigerators, washing machines, cos-
metic and hygienic products, and in food and 
drink containers (Table 14.1) [2, 4].

Although the antibacterial properties of silver 
have been known since ancient times [5], the 
development of nanotechnologies has contrib-
uted to a rediscovery of antimicrobial properties 
of silver for medical applications. Because of 
these properties, AgNPs can become promising 
alternative to conventional antimicrobial drugs 
and help us to reduce the serious public health 
problem of multidrug-resistant bacteria [6]. 
Moreover, AgNPs exert activity against many 
species of highly pathogenic fungi (ex. 
Aspergillus sp. and Candida sp.) [7, 8] as well as 
an antiviral effect against the herpes simplex 
virus [9], the hepatitis B virus [10] and the human 
immunodeficiency type 1 virus [11]. Because of 
this broad-spectrum antimicrobial action, we 
have witnessed increased development of AgNP- 
containing wound dressings and medical devices 
with AgNP-coated surfaces for use in surgical 
procedures (Table 14.1). Coating with AgNPs 

minimizes the risk of infections and prevents for-
mation of biofilms, which are created by micro-
organisms sticking to each other and adhering to 
a surface [2, 8]. The efficiency of AgNPs against 
complex and invasive bacterial biofilms is very 
important in the context of antibiotic-resistant 
infections and host defenses [12]. Both the effi-
cacy and safety of AgNP-based dressings have 
been confirmed in clinical studies in which such 
dressings were found to accelerate healing of 
wounds [13] and venous leg ulcers by inhibiting 
infection and the inflammatory response [14]. 
AgNPs are presently used in treatment of first 
and second degree burns, as well as venous and 
diabetic ulcers as commercially available nanosil-
ver products. The Anticoat ™ Flex 3 Dressing is 
a typical example [8].

Due to their unique features, AgNPs may be 
also be employed in other fields of medicine such 
as bio-diagnostics, imaging and therapy (particu-

Table 14.1 Examples of medical and commercial appli-
cations of silver nanoparticles

AgNPs

Medical applications
Consumer 
products

Based on 
antimicrobial 
properties:

Based on 
other 
properties:

Based on 
antimicrobial 
properties:

  Wound 
dressings

  Diagnostic 
agents

  Cleansers to 
disinfect 
surfaces

  Central venous 
and bladder 
catheters

  Drug 
delivery 
carriers

  Laundry and 
dishwashing 
detergents

  Cardiovascular 
implants, stents

  Cancer 
treatment

  Cleansers to 
personal 
care, soaps 
and 
cosmetics

  Endotracheal 
tubes

  Biosensors   Water and air 
filters

  Bone prostheses   Imaging 
tools

  Clothing, 
underwear

  Surgical 
instruments

  Food storage 
containers

  Endodontic 
cements

  Nipples and 
nursing 
bottles

  Dental implants   Children’s 
toys
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larly methods of anticancer treatment), as well as 
in pharmacology as drug delivery systems. Their 
nanometer size enhances their biological activity 
and allows them to permeate cellular membranes 
and interact with biomolecules such as DNA and 
proteins. Moreover, they exhibit optical (mainly 
light scattering and absorption) and photothermal 
properties, and have surfaces which are easy to 
modify [15, 16].

The relative ease of modification of AgNPs 
with biomolecules, chemotherapeutic agents and 
biological stabilizing agents is one of their most 
advantageous properties [15]. The ability to func-
tionalize the surfaces of AgNPs by conjugation of 
molecules capable of recognizing cellular or 
tissue- specific ligands, their nanometer-scale size 
and their ability to specifically accumulate within 
tumor tissue make AgNPs potential candidates 
for use in designing drug delivery systems [16, 
17]. AgNPs can also be bound with a photosensi-
tizer (such as protoporphyrin IX, for example) to 
improve photodynamic cancer therapy (PDT) 
based on light activation of singlet oxygen to 
induce cell death [18]. Additionally, the function-
alization of AgNPs with DNA, peptides, proteins 
or antibodies can reduce their toxicity or allows 
to achieve specifically targeted AgNPs. Such 
modifications may be useful in biodiagnostic and 
biosensing applications. Attachment of doxorubi-
cin to AgNPs has been achieved to create a DNA 
biosensor [19], and the capacity of AgNPs to 
interact with plasma proteins has been utilized in 
the development of a label-free, noninvasive tool 
for detection of the protein profile in gastric can-
cer cases [20].

The remarkable optical properties of AgNPs 
can be also readily utilized in biodiagnostic and 
imaging methods. Nanoparticles penetrate cellu-
lar and tumorigenic systems where they strongly 
scatter light and enhance the local electric field 
by confining photons within their structures. 
Such mechanisms allow creation of biological 
imaging or sensing agents which can be utilized 
for monitoring of disease progression or identifi-
cation of diseased systems [21]. In this regard, 
the potential utility of AgNPs has been demon-
strated for detection of Alzheimer’s disease [22], 

apoptosis of cancer cells [16], as well as detec-
tion of neurotransmitters [23] and glucose [24].

AgNPs can also be applied as radiosensitizers 
in radiotherapy of cancer making tumor cells 
more sensitive to ionizing radiation. 
Radiosensitizers possess the ability to absorb 
X-ray radiation and then release the energy 
locally. This provides a means for minimizing 
damage of normal tissue during destruction of 
cancer cells [25]. Evidence exists that AgNPs 
may improve the outcome of radiotherapy of 
malignant glioma [26] and gastric cancer [27]. 
Silver nanostructures also have unique photother-
mal properties which enable them to convert pho-
ton energy into thermal energy [15]. The ability 
of metal NPs to heat the surrounding medium 
may be applied in plasmonic photothermal ther-
apy. This is used to sensitize cancer cells to 
hyperthermia [28]. Additional studies suggest 
that a combined Au-Ag nanoparticle system may 
be a useful photothermal agent for cancer treat-
ment [29, 30]. Another useful feature of AgNPs 
in cancer therapy is their anti-angiogenic activity. 
It has been reported that AgNPs inhibit cellular 
proliferation and migration in vascular endothe-
lial growth factor (VEGF)-induced angiogenesis 
in bovine retinal epithelial cells [31].

A notable goal in modern medicine is to 
develop multifunctional therapeutic agents based 
on the above-mentioned NP properties to improve 
therapeutic efficacy, particularly of treatment- 
resistant cancers. Those nanoplatforms, conju-
gated with specific antibodies against cancer 
cell-surface targets, are capable of accumulation 
on the surfaces of cancer cells. Conjugation of 
AgNPs to agents which enhance the function of 
membrane transport systems provides new thera-
peutic agents for delivery inside the tumor cells. 
Apart from the effective targeted delivery of anti-
cancer pharmaceuticals, such therapeutic sys-
tems provide controlled release of therapeutic 
substances bound to their surfaces at high loading 
capacity, as well as providing the ability to induce 
photothermal ablation of the cancer cells [16, 32, 
33]. Another significant challenge for medicine is 
to identify efficient and safe strategies for treat-
ment of brain disorders which have become a 
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major health problem of a steadily aging global 
population. Conventional therapies are often 
ineffective because many compounds cannot 
translocate past the blood-brain barrier (BBB). 
Since different types of nanoparticles, including 
AgNPs, can cross BBB and accumulate in spe-
cific brain regions, they are expected to become 
the basis for development of tools suitable for 
therapy of brain pathologies such as neurodegen-
erative disorders. Furthermore, of AgNPs may 
provide the basis for development of efficient 
nanodrugs against neuroinfectious diseases such 
as AIDS and meningitis because of their strong 
antimicrobial activity [34].

Creation of multifunctional delivery nano-
platforms provides an attractive opportunity to 
develop theragnosis, a new concept in medi-
cine, that combines treatment, diagnosis and 
monitoring of the therapeutic process. This new 
area of medicine may be particularly helpful for 
resolving the problems occurring during the 
process of early diagnosis and treatment of can-
cers and central nervous systems (CNS) disor-
ders, because AgNPs may increase or quickly 
modify the therapeutic effects [34, 35]. The 
multifunctional biological activities of AgNPs, 
that could be simultaneously applied as anti-
bacterial and anticancer agents, drug delivery 
systems, and imaging tools, makes them 
extremely attractive for development in these 
areas of medicine [33, 36].

14.2  Factors Influencing Toxicity 
of AgNPs

Physico-chemical characteristics of nanoparti-
cles are relevant for interactions with biosys-
tems and for possible toxic effects. The most 
important parameters determining the proper-
ties of AgNPs are: size, shape, chemical compo-
sition, porosity, crystallinity, and hydrophobicity/
hydrophilicity of the nanomaterial. However, 
other characteristics such as surface charge/zeta 
potential, dispersion state, stability/biodegrad-
ability and hydration may also affect nano-bio 
interactions [37, 38].

14.2.1  Size and Shape

A number of reports have indicated that among 
the physico-chemical parameters of AgNPs, size 
is critically important for interactions between 
nanoparticles and biological systems. Particle 
size directly affects the surface-to-mass ratio and 
influences further the reactivity and the solubility 
of particulate systems. Smaller sizes provide 
increased surface area and increase the number of 
points for surface attachment of functional mol-
ecules, thereby enhancing the reactivity of NPs. 
Shannahan et al. [39] found that small (20 nm) 
AgNPs interact more strongly with hydrophobic 
proteins than larger AgNPs (110 nm) which is 
important for development of a protein corona 
(see: Sect. 14.2.4). However, it seems that the 
particle size does not determine the biodistribu-
tion of AgNPs, since the pattern of tissue deposi-
tion of two differently-sized citrate-coated 
AgNPs (10 and 25 nm) was found to be similar 
[40].

Higher reactivity is related to the smaller size 
of AgNPs, as well as higher efficiency of cellular 
uptake and toxicity towards biological systems. 
The size-dependency of the cytotoxic effect of 
AgNPs has been evaluated using in vitro systems 
such as fibroblasts [41], lung cells [42] and pri-
mary neuronal cultures [43]. Smaller AgNPs 
were shown to have significant effects on essen-
tially all of the studied parameters including: cell 
morphology, cell viability and cellular membrane 
integrity, and were found to be even more potent 
in inducing oxidative stress [44]. Induction of 
oxidative stress was investigated using alveolar 
macrophages exposed to 15, 30 and 55 nm AgNPs 
[45]. In animal models, exposure to smaller 
AgNPs (20–40 nm) was found to induce severe 
myelin damage relative to larger AgNPs (50–60 
and 130–150) [46].

It was reported that while large (100 nm) 
AgNPs, are not endocytosed by cells, they are 
capable of generating indirect cytotoxic effects, 
presumably via receptor-mediated signal trans-
duction [47]. However, there are reports that have 
disagreed with the general conviction regarding 
the strong correlation between size and toxicity 

L. Strużyńska and J. Skalska



231

of AgNPs. Experiments performed by Gliga et al. 
[42] did not confirm cytotoxicity of larger 
(75 nm) citrate-coated AgNPs towards human 
lung cells. Similarly, the investigations of 
Espinosa-Cristobal et al. [48] revealed that there 
are no significant changes in the accumulation 
and toxicity of differently-sized AgNPs in the 
principal organs of exposed rats.

Shape is another factor relevant to the reactivity 
of AgNPs, particularly with respect to protein 
interactions. Ashkarran et al. [49] demonstrated 
that in the presence of differently-structured 
AgNPs (cube, sphere, wire, triangle) in fetal 
bovine serum (FBS), protein coronas are formed 
in different concentrations and compositions. 
This morphology-dependent corona effect is due 
to different surface energies caused by a variety 
of coordination complexes on the available 
surface specific for each shape [50]. In addition, 
activity towards bacteria was found to be higher 
for formulations of nanoplate-shaped AgNPs 
than for nanorod-shaped AgNPs [51].

14.2.2  Coating of the Surface

Nanoparticles are often coated with different 
compounds to enhance stability and prevent 
agglomeration. Among the most commonly used 
compounds are citrate, polyvinylpyrrolidone 
(PVP), chitosan, polysaccharides, carbon or pep-
tides. Coating with PVP stabilizes AgNPs in 
aqueous solution for a longer time than coating 
with citrate [52]. In one comparison, uncoated 
AgNPs were found to agglomerate in solution 
faster than AgNPs capped with polysaccharide 
[53]. The chemical composition of the surface 
determines the behavior of AgNPs in physiologi-
cal fluids. This is of particular importance in con-
text of protein corona formation (see: Sect. 
14.2.4) and further impact on nano-bio interac-
tions. Citrate- and PVP-stabilized AgNPs exhibit 
different fates while interacting with bovine 
serum albumin (BSA). Coating of the surfaces of 
AgNPs with polymers such as PVP changes the 
surface area and this affects the behavior of pro-
teins towards AgNPs [54]. There are strong cor-
relations between the type of coating material, 

the bioavailability of AgNPs, and the profile of 
their tissue distribution. Also of note is the find-
ing that toxicity of AgNPs depends on surface 
capping. It was demonstrated that carbon-coated 
AgNPs were less cytotoxic towards macrophages 
[55], whereas polysaccharide-coated AgNPs 
influence cell viability to a greater extent than 
uncoated AgNPs of similar size [53]. The issue of 
shaping the surface of AgNPs to modify their 
characteristics is still not fully understood and 
requires additional study, particularly for devel-
opment of AgNP-based nanomedicines.

14.2.3  Liberation of Ag Ions

AgNPs continuously release relatively small 
amounts of silver ions in aqueous solution. The 
mechanism underlying the release of ions from 
particulate matter relies on cooperative oxidation 
with dissolved oxygen, protons and other con-
stituents of the solution [56]. It has been previ-
ously stated, based on comparison of metal 
concentration in tissues from ionic silver- and 
AgNP-treated rats, that silver is mainly bioavail-
able in the ionic and not the particulate form [57]. 
However, a physiologically-based toxicokinetic 
(PBTK) model has been recently developed to 
predict the biodistribution of intravenously 
injected silver, both in ionic and nanoparticulate 
form [58]. PBTK modeling suggests that the 
majority of injected ionic silver is distributed sys-
temically as de novo-formed secondary nanopar-
ticles. Their presence in tissue of rats treated with 
ionic silver was confirmed in a TEM study [59]. 
It has also been suggested that de novo formation 
of small secondary AgNPs from silver ions is 
possible due to interactions with sulfhydryl 
groups of biomolecules inside cells [57, 59].

It is still not known whether the cellular 
response to AgNPs is driven by the particles them-
selves or by silver ions released from the particle 
surface inside the cell through the “Trojan horse 
effect” [60]. Some authors suggest that toxic 
effects are mainly caused by slowly liberated sil-
ver ions [42, 61], whereas others have advanced a 
contrary view which does not exclude nanoparti-
cle-specific effects. According to Cronholm et al. 
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[62] AgNPs are taken up by the cell mostly in the 
particulate form (non-ionic form), and remain sta-
ble in this state for a long period of time inside the 
cell. Smaller AgNPs release Ag+ more efficiently 
due to the larger surface area per unit mass, 
whereas particles larger than 10 nm release limited 
quantities of Ag+, and thus their toxicity is attrib-
uted rather to the  particulate state [42, 63]. The 
effect caused by AgNPs per se has also been con-
firmed in cultured cerebellar granule cells (CGCs), 
where they specifically interact with glutamate 
N-methyl-D- aspartate receptors (NMDARs) lead-
ing to excitotoxic cell death [64]. Sun et al. [65] 
also found that AgNPs, in contrast to silver ions, 
generate overproduction of ROS in a time- and 
concentration- dependent manner, as well as caus-
ing an increase in secretion of various cytokines in 
cultured astrocytic cells. Hence, multiple data pro-
vide solid proof for the distinctive toxicological 
effects caused by particulate and ionic silver. 
Furthermore, Beer et al. [66] concluded from an in 
vitro study using a human lung carcinoma epithe-
lial-like cell line, that the cytotoxic effect of AgNPs 
depends on the fraction of silver ion liberated into 
the particle suspension. It was found that AgNPs 
have a measurable toxic effect under low (≤2.6%) 
concentrations of silver ions in the suspension. 
This effect was not observed at high (≥5.5%) 
concentrations of AgNPs. It can be presumed that 
the final effect observable in the cells is the result 
of a mixture of primary AgNPs, released silver 
ions, and secondary de novo- formed AgNPs.

14.2.4  Protein Corona

Upon entering a biological environment, AgNPs 
come into contact with various proteins which 
compete for adsorption on their surface. Adsorption 
is the final effect of protein- nanoparticle binding 
affinity and protein-protein interactions. Initially, 
low affinity proteins are loosely attached to the 
surfaces of the AgNPs, thereby forming a rapidly 
exchanging “soft corona.” Subsequently, a tightly 
bound “hard corona” is formed over time by high 
affinity proteins. The affinity-dependent effect of 
substitution of certain proteins by others is known 
as Vroman’s effect [67]. A typical composition of 

a human blood protein corona consists of albu-
mins, immunoglobulins, fibrinogen, apolipopro-
teins, transferrin, complement proteins, and 
hemoglobin. Among these proteins, albumins 
and fibrinogen are the first to be adsorbed on the 
surface [50]. The composition and conformation 
of the protein corona will be unique for specific 
nanomaterials and will depend on parameters 
such as the nanoparticle size, shape, functional 
groups and surface charge [68]. The time and 
route of exposure and the nature of the biological 
environment (blood, interstitial fluid, cell cyto-
plasm) also have important effects on the protein 
composition and subsequent cellular response 
[69]. Different coatings of the nanoparticle sur-
face (for example, citrate vs. PVP) will also 
determine interactions with proteins. The pres-
ence of a polymer was shown to strongly inhibit 
interactions between SH-groups and the metal 
surface. This effect may be useful in development 
of medical applications [54]. In turn, Shannahan 
et al. [39] have suggested that various surface 
components of AgNPs of the same size have dif-
ferent influences on the constituents of the pro-
tein corona by inducing different free energy 
requirements during the processes of protein 
folding and unfolding. Exposure to BSA leads to 
aggregation of PVP-coated AgNPs due to desta-
bilization of electrostatic groups. Hence, electro-
static and hydrophobic interactions during 
protein corona formation appear to be important 
drivers of the process.

Current data indicate that the protein corona 
which forms on the surface of nanoparticles upon 
contact with biological fluids, creates an interface 
between the nanoparticles and the cellular system 
which determines biological response, including 
cytotoxicity and immunotoxicity, to a greater 
extent than the bulk material itself [70]. Likewise, 
the process of cellular internalization of NPs 
depends on the formation and composition of the 
corona [71]. In turn, the transfer of NPs between 
cellular compartments changes the composition 
of proteins. It has been found that each cellular 
compartment leaves a “fingerprint” inside the 
corona, as a result of the interplay of nanoparti-
cles with specific organelles and macromolecules 
[69]. Changes in the protein corona can alter the 
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characteristic of nanoparticles and provide them 
with new biological identities, thereby influenc-
ing the biological response to exposure. The 
parameters dictating the fate of NPs in a given 
organism such as transport kinetics, cellular 
uptake, organ accumulation and toxicity may be 
modified along with alterations of the corona 
structure. Silver ions, which are thought to be at 
least partially responsible for toxicity of AgNPs, 
are bound by protein components of the hard 
corona to form silver sulphide monocrystals as 
the effect of sulphidation. This process decreases 
the toxicity of AgNPs [72]. This may be of impor-
tance from a medical point of view. Recently, 
Duran et al. [50] found that protein-AgNPs inter-
actions could lead to protein unfolding. Changes 
in the secondary structure of proteins may conse-
quently result in unexpected cellular responses 
and/or reduction of antibacterial, antifungal or 
anticancer activity of AgNPs during biomedical 
applications. Thus, understanding the relation-
ships between physicochemical parameters, the 
specificity of the protein corona, and biological 
systems are important issues for further develop-
ment of AgNP-based nanotechnologies. This new 
subject has captured the attention of many 
researchers. Precise knowledge about NP-protein 
interactions and detailed characteristics of the 
corona will allow optimization of features of NPs 
to produce customized nanomedicines based on 
AgNPs. It is also expected that potential harmful 
effects of these applications will become better 
understood [50].

14.3  Cellular Targets for AgNPs 
in the Central Nervous 
System

AgNPs may gain access to the circulatory system 
via different routes, by oral or intravenous admin-
istration as well as via inhalation, intranasal 
application or through the skin. After entering the 
body, AgNPs are distributed via systemic circula-
tion within organs such as liver, kidneys, lungs, 
spleen, heart, gonads and brain [40, 73, 74] 
regardless of the route of exposure. AgNPs are 
able to cross the intestinal barrier [41] being 

absorbed from the gastrointestinal tract in the 
nanoparticulate or ionic form. Transmission elec-
tron microscopy (TEM) studies enable visualiza-
tion of particle-like structures in different tissues 
of exposed animals, including ileal macrophages 
[73], brain endothelial cells and neurons [75, 76], 
being localized mainly in such cellular compart-
ments as endosomes, lysosomes and mitochon-
dria [75]. Available toxicokinetic data indicate 
that AgNPs are primarily accumulated in the liver 
[73], as expected because of the metabolic and 
detoxifying roles of this organ. Highly effective 
antioxidant defense systems allow the liver to 
effectively maintain the oxidative/antioxidative 
balance during metabolism of toxic agents [77]. 
Absorbed AgNPs are in equilibrium with blood 
and are removed over the time from most of the 
tissues. However, in brain and testes unlike in 
other organs, AgNPs are deposited persistently 
[40, 57]. Thus, even under low-level exposure, 
elevated concentrations of nanoparticles may be 
expected in brain parenchyma. AgNPs have been 
shown to enter the rat brain when injected subcu-
taneously and accumulate in neuronal cells in the 
form of nanoparticles [78].

Administered intranasally to the rats, AgNPs 
induce impairment of hippocampal functions 
[79], and reach the brain through retrograde axo-
nal transport via the olfactory nerve.

Nanoparticulate silver is taken up by the cell 
following the process of cellular membrane 
encapsulation and subsequent clathrin-mediated 
endocytosis, and macropinocytosis [80]. It is pos-
sible that endocytosis is not a cell type-specific 
process because it has been described in cultured 
astrocytes [65], lung fibroblasts and human glio-
blastoma cells [80], as well as in gut epithelial 
cells using an in vivo model of exposure [81]. 
These mechanisms may be different exclusively 
in endothelial cells of cerebral microvessels (see 
Sect. 14.4.1). It is also noteworthy that the path-
way of entry of AgNPs determines the fate of the 
cell [82]. AgNPs internalized via endocytosis, 
unlike those bypassing this form of active trans-
port, are identified exclusively within the endo- 
lysosomal compartment and exert a cytotoxic 
effect. Translocation of AgNPs into lysosomes 
leads to toxicity, first due to induction of ROS in 
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these subcellular structures [83] and second, due 
to release of toxic Ag ions from the surfaces of the 
AgNPs which is favored by the acidic environ-
ment inside the lysosomes [84]. The nervous sys-
tem is particularly sensitive to toxic insults. Thus, 
even low-level exposure to toxicants may lead to 
deleterious effects relative to other organs. For 
example, it has been reported that a low dose 
(0.2 mg/kg b.w.) of small (10 nm) citrate- stabilized 
AgNPs induces oxidative stress in the brain but 
not in the liver of exposed rats [85]. Moreover, as 
there is a tendency of AgNPs to accumulate in the 
nervous tissue over the time, neurotoxic effects 
are long-lasting after initial exposure.

Described in the next sections dysfunction of 
the brain microvasculature and astroglia, as well 
as degeneration of nerve endings and neurons, 
suggest the possible impairment or loss of ner-
vous system functionality. Indeed, AgNPs altered 
spatial reference memory [86] and spatial cogni-
tion in exposed rats via their impact on hippo-
campal synaptic plasticity [79], likewise 
influenced locomotor activity when administered 
in neonatal period [87]. In turn, the study of 
Dąbrowska-Bouta et al. [88] designed specifi-
cally to investigate the behavioral effects of pro-
longed exposure of adult rats to low doses of 
small AgNPs (0.2 mg/kg b.w.) did not reveal sig-
nificant behavioral alterations in the applied set 
of tests. It seems, that apart from the type/size of 
AgNPs, a dose, duration of exposure, and age of 
animal are important factors for neurobehavioral 
consequences. It should be stressed that extensive 
research are needed towards a comprehensive 
assessment of behavioral effects of AgNPs.

14.3.1  The Blood-Brain Barrier

Studies on the distribution of engineered AgNPs 
have revealed that they can enter the brain by 
moving along the olfactory nerve when adminis-
tered by inhalation [86] or via the blood-brain 
barrier (BBB) during other routes of exposure 
[89]. Therefore, it is necessary to investigate the 
mechanisms of transvascular passage of AgNPs 
and their interactions with cellular components 
of the BBB.

The BBB is a unique anatomical and func-
tional barrier between brain and systemic circula-
tion which plays a key role in guarding a stable 
microenvironment in the brain parenchyma by 
protecting it against invading substances and 
microorganisms (Fig. 14.1).

It consists of highly specialized brain micro-
vascular endothelial cells (BMECs) connected by 
tight junctions, pericytes, a capillary basement 
membrane composed of collagen, fibronectin and 
laminin, as well as astrocytic end-feet which 
enfold BMECs. BMECs and the basement mem-
brane establish an anatomical barrier while being 
in close communication with other constituents. 
Pericytes enveloping cerebral microvessels fulfil 
many functions such as control of angiogenesis, 
cerebral blood flow and inhibition of barrier dam-
age by infiltrating immune cells. Furthermore, 
astrocytes, which interact with pericytes and 
BMECs, maintain the integrity of tight junctions, 
regulate proliferation of endothelial cells and 
contribute to the homeostasis of metabolites, ions 
and water [90, 91].

Transport of blood-borne compounds across 
the BBB is strictly regulated by both physical and 
biochemical barriers. A physical barrier created 
by endothelial cell tight junctions, limits the cel-
lular transport of hydrophilic molecules through 
the BBB. Tight junctions are dynamic and highly 
regulated structures established by transmem-
brane proteins (junction adhesion molecules, 
occludins and claudins) as well as supporting 
cytoplasmic proteins (zonula occludens and cin-
gulin) which link transmembrane proteins to 
cytoskeletal proteins [91, 92]. A biochemical bar-
rier is formed by receptors, ion channels and 
active influx/efflux transporter systems expressed 
by BMECs. There are a few different mecha-
nisms involved in the process of passage of 
nanoparticles across the tight barrier including: 
passive diffusion, carrier-mediated active trans-
port, transcytosis and endocytosis. The latter two 
mechanisms occur in membrane microdomains 
such as caveolae [90, 91] (Fig. 14.1).

Tight junctions between two endothelial cells 
create gaps of 4–6 nm, thus presumably only very 
small NPs fit this route of passage. As in vitro 
studies have revealed, different types of NPs sim-
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ply cross the endothelial cell membranes by 
caveolae- and clathrin-mediated endocytosis, and 
macropinocytosis [93, 94]. Moreover, there is 
evidence that the size (wherein smaller NPs are 
more effective) and the type of surface modifica-
tion play relevant roles in this process [95].

AgNPs passing into capillary endothelial cells 
by transcytosis accumulate inside these cells 
[96], mainly in lysosomes [75], and hence inter-
fere with the function of BMECs by increasing 
the permeability of microvessels. In vivo studies 
have revealed that single intravenous, intraperito-
neal or intracerebroventricular administration of 
AgNPs causes increased BBB permeability and 
brain edema [89, 97]. Moreover, interactions of 
AgNPs with BMECs result in the release of pro- 

inflammatory mediators, mainly interleukin 1β 
(IL-1β), tumor necrosis factor α (TNF-α) and 
prostaglandin PGE2, thus inducing inflammation 
which indirectly accelerates the existing leakage 
of microvessels [98, 99].

AgNPs may also induce a cascade of events 
leading to disruption of tight junctions. A study 
based on the BBB model (a triple co-culture of 
primary rat brain microvascular endothelial cells, 
pericytes and astrocytes) revealed that AgNPs 
enhance permeability of the BBB by decreasing 
the expression of ZO-1, one of the tight junction 
proteins [100]. Increased expression of cadherin-
 1 and claudin-1 were also observed after a 2-week 
oral exposure of rodents to AgNPs in a dose of 
1 mg/kg b.w [101]. The influence of AgNPs on 
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pericytes, which can be considered caretakers of 
BMECs, remains an unexplored issue. However, 
morphological changes (mainly vacuolization) of 
these cells under exposure to AgNPs have been 
identified [100].

Since astrocytes represent a functional part of 
the neurovascular unit, the impact of AgNPs on 
these cells is also important in this context (dis-
cussed in the Sect. 14.3.4), especially since astro-
cytes release pro-inflammatory cytokines under 
pathological conditions [102]. Local or systemic 
inflammation can alter functions of the BBB by 
triggering functional and morphological changes 
in brain microvasculature. Increased secretion of 
cytokines and cell adhesion molecules, the influx 
of immune cells to the CNS, and alterations in 
tight junction proteins finally increase the perme-
ability of the BBB towards blood-derived chemi-
cal compounds, including nanoparticles [103]. 
The toxicity of AgNPs in the CNS under physio-
logical and inflammatory conditions has been 
investigated using a double BBB model. Under 
normal conditions AgNPs trigger discontinuities 
in tight junction complexes by influencing pro-
tein constituents (claudin-5 and ZO-1), whereas 
in parallel, existing inflammation exacerbates the 
disruption of BBB and significantly increases its 
permeability rate [104].

A dysfunctional BBB is accompanied by a 
number of brain pathologies, including tumors, 
stroke, neuroinflammatory disorders such as 
multiple sclerosis (MS), and neurodegenerative 
diseases such as Parkinson’s disease (PD), 
Alzheimer’s disease (AD), and amyotrophic lateral 
sclerosis (ALS). It is believed that uncontrolled 
presence of nanoparticles in the environment 
may enhance the risk of neurodegeneration [105]. 
On the other hand, the presence of the BBB 
makes the diagnosis and treatment of CNS disor-
ders difficult because it restricts access of drugs. 
Therefore, the strategy of using AgNPs as nano-
carriers might potentially improve these processes. 
Presently, AgNPs are considered as drug nano-
carriers in the AD [106].

In this light, identifying the mechanisms of 
interaction of AgNPs with components of the 
BBB is of crucial importance.

14.3.2  Neurons and Synapses

Toxic substances may exert neurotoxic effects by 
inducing alterations in neuronal structure and/or 
activity. It is generally accepted that neurotoxi-
cants may damage neuronal cells by affecting the 
whole neuron or exclusively the axon by affect-
ing its myelinated sheaths or the synaptic pro-
cesses of neurotransmission [107]. However, 
neuronal death, either by necrosis or apoptosis, is 
often the final effect of these actions.

Current knowledge regarding the impact of 
AgNPs on the CNS is quite limited. However, 
there is a growing body of evidence suggesting 
that AgNPs may be considered as neurotoxic 
material. Toxicity towards neuronal cells has 
been proven without a doubt in in vitro experi-
ments, wherein AgNPs were demonstrated to 
decrease viability of cultured neuronal cells [43, 
64, 108, 109] and astroglial cells [43, 65]. In 
cortical neurons exposed to AgNPs in the con-
centration range of 1–50 μg/mL axonal out-
growth was found to be inhibited. Moreover, 
neurites were found to degenerate as a conse-
quence of disrupted integrity of cytoskeletal and 
synaptic machinery (i.e. synaptic proteins such as 
synaptophysin and PSD-95) [108].

Regarding the harmful in vivo effects of 
AgNPs on the CNS, it appears that brain pene-
tration and accumulation therein leads to forma-
tion of pyknotic and necrotic neurons [78]. 
Among the histopathological changes, destruc-
tion of the cerebellar granular layer with con-
comitant activation of glial cells [87] as well as 
cell degeneration and necrotic areas in the hip-
pocampus [79] of AgNP-exposed rats were 
described. Furthermore, in the model of pro-
longed oral exposure to a low dose of AgNPs, 
ultrastructural and biochemical changes in syn-
apses were revealed [75]. AgNPs induce consid-
erable synaptic alterations, mainly in the 
hippocampus of exposed rats. Several of the 
observed ultrastructural features such as free 
synaptic vesicles located in the neuropil outside 
the discontinuous synaptic membrane and the 
presence of myelin- like bodies were found to be 
AgNP- but not Ag+-specific effects. Other fea-

L. Strużyńska and J. Skalska



237

tures, such as swollen synapses, enhanced den-
sity of synaptic vesicles and blurred structure of 
the synaptic cleft, were found to be common for 
both forms of silver.

In addition to the morphological indicators of 
synaptic destruction, decrease in the relative 
 levels of pre- (synapsin I and synaptophysin) and 
post-synaptic (PSD-95) proteins is also observed. 
Reduced expression of these proteins, which are 
considered molecular markers of synaptic den-
sity, indicates synaptic loss under exposure to 
AgNPs. Moreover, pre-synaptic proteins are 
involved in the processes of neurotransmission, 
being responsible for movement of synaptic ves-
icles along the axonal actin filaments and exocy-
tosis of neurotransmitters into the synaptic cleft 
[110]. Thus, reduction in expression of pre- 
synaptic proteins that regulate vesicle cycling, 
suggests the occurrence of damage to the secre-
tory mechanism and further possible disturbances 
in neurotransmission. In turn, PSD-95 which is 
abundant in neuronal post-synaptic structures, 
plays a role in a synaptic plasticity phenomenon 
mediated by glutaminergic NMDA receptor sig-
naling by modulating the clustering and function 
of these receptors [111]. The aberrant synapse 
ultrastructure together with decreased levels of 
PSD-95 may specifically suggest disrupted func-
tioning of the excitatory synapses. Damaged and 
marker protein-deficient synapses have been 
observed in a variety of brain pathologies, includ-
ing neurodegenerative diseases [112]. Skalska 
et al. [75] claimed that alterations in both synap-
tic structure and the level of synaptically-bound 
proteins, most frequently identified in hippocam-
pus, indicate AgNP-induced synaptic degenera-
tion and are predictors of changes in cognitive 
processes. However, no adverse effects either on 
hippocampal neurogenesis or the spatial learning 
and memory processes were observed in adult 
mice treated with AgNPs [113]. In contradiction 
are the results of behavioral tests estimating 
motor functions in AgNP-exposed animals. 
Dysfunction of motor coordination and impair-
ment of locomotor activity has been reported in 
neonatal rats [87].

14.3.3  Myelin

Myelin is a spiral structure built by extensions of 
the plasma membrane of Oligodendrocytes. 
Myelin is characterized by a unique composition 
relative to other membranes in that it has a reverse 
lipid-to-protein ratio (70%: 30%) and a unique 
segmental structure (for a review, see [114]). The 
myelin sheath surrounding most of the axons in 
the CNS ensures proper transmission along with 
neurons enhancing efficiency of conduction of 
electrical impulses. Additionally, this membrane 
structure functions as a protective and isolating 
element. Disturbed myelin integrity may result in 
an inappropriate signal transfer and further 
behavioral abnormalities.

It has been reported that AgNPs administered 
to rodents may cause myelin damage. At the bio-
chemical level, AgNPs influence the composition 
of myelin membrane by lowering the relative 
protein concentration. The decreased level of 
myelin basic protein (MBP) reflected by less 
intense immunostaining has been reported after 
exposure to a relatively high dose (50 mg/kg b.w) 
of AgNPs (50–60 nm) [46]. However, exposure 
to even a low dose (0.2 mg/kg b.w.) of AgNPs 
(10 nm) significantly decreases the level of sev-
eral myelin-specific proteins: myelin/oligoden-
drocyte glycoprotein (MOG), myelin-associated 
glycoprotein (MAG) and 2′-3′-cyclic nucleotide 
3′-phosphodiesterase (CNP) in a myelin fraction 
isolated from the exposed rats [88]. Since CNP, 
MAG and MOG play roles in stabilization of 
myelin membranes [114], deficiency of these 
proteins may influence formation and mainte-
nance of proper myelin structure. Indeed, exami-
nation of the myelin ultrastructure under TEM 
revealed pathological changes of myelin sheaths 
in the form of focal detachments of the myelin 
lamellae and an increased volume of cytoplasm 
within the regions of compacted myelin [88]. 
Myelin disintegration may consequently lead to 
degeneration of myelinated fibers. Moreover, 
myelin glycoproteins such as MOG interact with 
the immune system and are potent inductors of 
anti-myelin antibodies [115]. This may be relevant 
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to the pathological implications such as demye-
linating diseases [114].

In low doses, AgNPs do not affect neurons 
directly. However, they cause both morphologi-
cal and biochemical changes within synapses 
[75] and in the myelin sheaths surrounding the 
axons [88]. Synaptopathy and dysmyelination/
demyelination may finally lead to axon 
 degeneration. Hence, classification of AgNPs 
as axonopathy- inducing agents should be 
considered.

14.3.4  Glial Cells

Previous studies on toxicity of AgNPs have 
mainly focused on neurons and endothelial cells, 
whereas little is known about their effects on both 
resting and reactive glial cells. Lastly, astrocytes 
which are key players in maintaining homeosta-
sis in the CNS (for a review see [116]), are of 
central interest. Together with neurons, glial cells 
form tripartite synapses which are the functional 
units wherein astrocytes interact closely with 
neurons to control neuronal activity and metabo-
lism [117]. Glial cells also envelope microvessels 
with the end-feet of cellular processes to interact 
with pericytes and endothelial cells as a 
functionally- coupled structure known as the neu-
rovascular unit. Being activated under pathologi-
cal conditions, including exposure to metals, 
astrocytes may act in either a neuroprotective or a 
pro-neurodegenerative manner [118–121]. This 
depends on a several factors, such as the period 
and level of exposure. It is certain that an indirect 
neurotoxic effect will be the result of disruptions 
in glial-neuronal interactions. Moreover, the fail-
ure of astrocytic protective functions determines 
the degree of neuronal death or dysfunctionality.

The role of astroglia in AgNP-induced neuro-
toxicity and direct toxic effects of AgNPs towards 
astroglia are significant topics of current investi-
gations. The existing results of in vitro experi-
ments indicate that AgNPs are taken up by 
astrocytes and strongly affect cellular morphol-
ogy [43]. However, AgNPs do not significantly 
disturb basal metabolism or the viability of astro-
glial cells [122]. TEM observations confirm that 

AgNPs enter astrocytes and are deposited inside 
the cytoplasmic phagocytotic vesicles [65, 100]. 
Ultrastructural studies indicate disturbances in 
cellular structure such as mitochondrial shrink-
age, vacuolization, and expansion of the endo-
plasmic reticulum [108]. A pro-inflammatory 
response indicated by the secretion of multiple 
cytokines was also observed [65, 123].

Under cytotoxic levels of AgNPs (10 μg/mL) 
reactive oxygen species (ROS) were induced in a 
time and dose-dependent manner and caspase 
activity was found to be elevated, suggesting 
induction of apoptosis-like cell death in cultured 
astrocytes [65]. Apoptosis was also evidenced by 
the observation of AgNP-dependent modulation 
of the mitogen activated protein kinase (MAPK) 
pathway, Bcl-2 expression and mTOR activity. 
Moreover, AgNPs were found to significantly 
decrease expression of Nr4a1 and Dusp1 genes, 
whose role is to protect cells from oxidative 
stress, inflammation and apoptosis [101]. A com-
parative study of the affinity of 10-nm AgNPs for 
different types of cultured neuronal cells revealed 
that uptake of AgNPs is greater in astrocytic cells 
than in microglia or neurons. This correlates pos-
itively with the degree of cytotoxic activity 
towards respective cells [124]. This observation 
is consistent with that of Haase et al. [43] who 
found that astrocytes have a greater capability to 
accumulate 20 nm peptide-coated AgNPs relative 
to neurons and are more vulnerable. Recent 
results also suggest that affected astroglial cells 
may transform into neurotoxic partners due to 
disturbances in glial-neuronal interactions. ROS 
and NO production induced by AgNPs in astro-
cytes and microglia are indirect but key toxic fac-
tors for neurons [124].

Strong up-regulation of astroglial metallothio-
neins (MTs) by AgNPs has been reported [125]. 
MTs are proteins which have high capacity to 
bind heavy metals through their numerous thiol 
groups. Furthermore, this group of enzymes is 
involved in control of oxidative stress. By bind-
ing ROS such as superoxide and hydroxyl radi-
cals, they contribute to a cellular mechanism of 
antioxidant defense [126]. This indicates that 
astroglia may play a protective role under condi-
tions of AgNPs exposure.
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14.4  Molecular Mechanisms 
of Neurotoxicity Exerted 
by AgNPs

The basic non-specific nano-neurotoxic mecha-
nism relies on direct physical interactions between 
nanoparticles and cellular components at the 
nano/bio interface as the result of the unique size 
and surface properties of the nanoparticles [127]. 
The “non-oxidative stress effects” may be disrup-
tion of the membranes and disturbed transport 
processes, or even transmission of nanoparticles 
into the cell [128]. Further, neuronal cell death 
may be caused by of a variety of mechanisms spe-
cifically related to nanoparticles, such as an 
increase in transporter/receptor-related intracellu-
lar calcium levels, induction of oxidative stress 
and mitochondrial damage. A schematic overview 
of the possible mechanisms of AgNP-induced 
neurotoxicity is presented on Fig. 14.2.

14.4.1  Interactions with Receptors 
and Channels

Most physiological and pathological cellular 
reactions are controlled by calcium signaling sys-
tems. Calcium is a universal messenger which 
regulates life and death processes. The concentra-
tion of calcium ions (Ca2+) inside the cell is under 
strict regulation by an array of transporters and 
channels which are responsible for proper distri-
bution of calcium between intracellular compart-
ments. Appropriate regulation is crucial, since 
overloading a cell with Ca2+, activates pathways 
which trigger necrotic or apoptotic cell death. 
Thus, factors inducing or over-stimulating Ca2+-
dependent pathways, lead to cell damage [129]. 
There is evidence, that AgNPs influence cellular 
Ca2+ homeostasis. Increased levels of intracellular 
calcium have been identified in neuronal cells 
cultured in the presence of AgNPs [43, 64].
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A massive intracellular influx of Ca2+ from the 
extracellular space may occur via over- 
stimulation of ion channels. The most important 
channels of this mechanism are ligand-operated 
Ca2+ channels, i.e. channels coupled with iono-
tropic glutamate receptors, mainly N-methyl-D- 
aspartate receptors (NMDARs) [130]. The 
mechanisms of cell death influenced by AgNPs 
have been extensively studied in CGCs. Yin et al. 
[87] demonstrated that AgNPs significantly 
reduce protein and mRNA levels of calcium 
channel protein (CACNA1A). Moreover, our 
group established a linkage between AgNP- 
induced overactivation of glutamate receptors, 
generation of ROS, and excitotoxic cell death 
[64]. Short-term incubation of CGCs with 0.2% 
PVP-coated AgNPs (mixture <100 nm) causes a 
dose-dependent increase in the uptake of 45Ca2+ 
which is completely abolished by administration 
of MK-801, a noncompetitive inhibitor of gluta-
minergic NMDARs. Excessive entry of calcium 
ions through the channels associated with NMDA 
is then followed by an intracellular calcium 
imbalance leading finally to ROS generation, sig-
nificant loss of mitochondrial potential and cell 
death. Again, addition of MK-801 was found to 
provide a protective effect. Simultaneously, 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
a potent antagonist of AMPA and kainate (AMPA/
KA) glutamate receptors, did not improve the 
viability of AgNP-exposed CGCs, thereby 
excluding the contribution of receptors other than 
NMDA ionotropic glutamate receptors [131]. 
Thus, we concluded that AgNPs exert toxicity in 
CGCs by selective overactivation of NMDARs. 
This overactivation underlies the excitotoxicity 
phenomenon in which production of free radi-
cals, mitochondrial dysfunction and neuronal 
damage are driven by overloading of neurons 
with calcium originating from the extracellular 
space [132]. Hence, excitotoxicity through the 
NMDAR-mediated dysregulation of intracellular 
calcium signaling pathways appears to be an 
important mechanism contributing to AgNP- 
evoked neurotoxicity. There is no direct evidence 
thus far that this mechanism operates in vivo as 
well. However, as discussed in Sect. 14.3.2 

changes in the ultrastructure of synapses together 
with decreased levels of the protein PSD-95 [75] 
suggest that AgNPs may contribute to distur-
bances in NMDAR-mediated signaling. PSD-95 
is a member of the membrane-associated guanyl-
ate kinase (MAGUK) family of proteins which 
interact with each other to form a scaffold for the 
clustering of NMDA receptors at the post- 
synaptic membrane [133].

14.4.2  Mitochondrial Damage

In addition to lysosomes, the mitochondrial com-
partment has also been identified as a potential 
subcellular target of AgNPs. Deleterious effects 
of AgNPs on mitochondrial functions have been 
observed in several in vitro and in vivo studies. 
AgNPs have been observed inside the mitochon-
dria of liver cells, where they induce a collapse of 
the mitochondrial membrane potential, leading to 
impairment of mitochondrial function. A similar 
mechanism resulting in mitochondria-dependent 
cell death and degeneration of cytoskeletal com-
ponents was observed in CGCs [64] and rat corti-
cal neurons [108]. AgNPs with a range of 
different diameters between 5 and 45 nm were 
found to inactivate mitochondrial respiratory 
chain complexes I, II, III, and IV in brain and 
other tissues of exposed rats, uncoupling the oxi-
dative phosphorylation system in the mitochon-
drial inner membrane [134]. Disruption of the 
mitochondrial respiratory chain decreases levels 
of cellular ATP and induces ROS production 
[135]. Presumably, interactions between protein 
thiol groups and nanoparticles are responsible for 
disrupting the structure and functions of proteins 
in mitochondrial membranes and/or mitochon-
drial enzymes [136].

14.4.3  Oxidative Stress

The results of thorough in vitro and in vivo stud-
ies on mechanisms of toxicity of AgNPs indicate 
that induction of ROS, which leads to oxidative 
stress in cells, is a predominant mechanism of 
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their toxicity in general and neurotoxicity in par-
ticular. Levels of ROS generated by this mecha-
nism depend on the unique physicochemical 
properties of AgNPs such as small size vs. large 
surface area and high reactivity, as well as the 
properties of the basic material. Cellular overpro-
duction of ROS, when unbalanced by antioxidant 
defense mechanisms, causes oxidative stress. 
ROS are highly reactive with proteins, lipids and 
nucleic acids and thus, cells are unable to main-
tain physiological redox-regulated functions and 
become dysfunctional due to irreversible oxida-
tive modifications. The modulation of gene 
expression through activation of redox-sensitive 
transcription factors may finally lead to geno-
toxic effects and cell death [137].

The unique characteristics of brain tissue 
underlie higher responsiveness to toxic insults 
relative to other tissues. A high rate of oxygen 
consumption, activity of the dopaminergic and 
glutaminergic systems or regionally high concen-
trations of redox-active transition metals all stim-
ulate production of ROS. In addition, the 
combination of oxidation of polyunsaturated fatty 
acids and modestly active antioxidant defense 
systems, make the brain particularly vulnerable to 
the oxidative stress [138, 139]. Hence, it is not 
surprising that the brain is more responsive to 
even low concentrations of AgNPs than other 
organs, including the liver [85]. It has been 
observed in both in vitro and in vivo studies that 
oxidative stress contributes to the neurotoxic 
mechanisms exerted by AgNPs. Generation of 
ROS has been described in CGCs [64, 109] and 
mixed primary cortical neural cell culture [43]. In 
parallel, decreased levels of reduced glutathione 
were found in CGCs exposed to small (20–25 nm) 
AgNPs [109]. Exposure to AgNPs (24 nm) was 
also shown to elevate ROS in the cultured astro-
glial cells in the time-dependent manner. This 
finding was not replicated for silver ions [65]. 
Conversely, Luther et al. [125] found that incuba-
tion of astroglia-rich primary cultures with 75 nm 
AgNPs did not generate ROS. This discrepancy 
may indicate that the size of the AgNPs plays a 
crucial role in AgNP-induced ROS production.

Studies performed with animal models 
showed changes in expression of oxidative stress- 
related genes in the brain of AgNP-treated rodents 
[140, 141]. Overproduction of ROS has been 
demonstrated in rat brain after intranasal admin-
istration of AgNPs in a dose range of 3–30 mg/kg 
b.w./day [87] and oral administration of AgNPs 
at a dose of 0.2 mg/kg b.w./day [85]. One of the 
oxidative markers of excessive ROS is peroxida-
tion of lipids in cellular membranes measured by 
increased levels of malondialdehyde (MDA). A 
significant increase of MDA in brain homoge-
nates of rats exposed to a low dose of AgNPs was 
identified [85]. Cellular enzymatic and non- 
enzymatic antioxidant defense systems actively 
prevent oxidative stress and scavenge overpro-
duced ROS. The first line of defense is provided 
by enzymes such as superoxide dismutase (SOD), 
catalase (CAT) and glutathione peroxidase 
(GPx). Current data indicate that in the brains of 
rats exposed to 20 nm AgNPs (5 mg/kg b.w.) 
SOD activity increases significantly whereas 
expression of Sod 1 mRNA is lowered [140]. 
However, under conditions of exposure to a low 
dose of AgNPs (0.2 mg/kg b.w.) the activity of 
either SOD or CAT did not change, despite the 
presence of mild oxidative stress [85]. Generally, 
under these conditions, the enzymatic antioxi-
dant system was not found to be significantly 
activated, with the exception of GPx. It was dif-
ferent in the case of the non-enzymatic glutathi-
one system. A statistically significant decrease in 
the reduced-to-oxidized glutathione ratio (GSH/
GSSG) was identified, predicting depletion of 
GSH. Similar lowering of the GSH concentration 
has been shown in rat cerebellar granule cells 
exposed to PVP-coated AgNPs [109] and in 
human liver cells [142]. In turn, administration of 
AgNPs to cultured astrocytes was found to evoke 
oxidative stress without inducing GSH depletion 
[65]. In brain, in contrast to the liver, treatment 
with a low dose of AgNPs induces oxidative 
stress as reflected by enhanced ROS production 
and membrane lipid peroxidation [85], indicating 
particular sensitivity of nervous tissue to AgNP- 
induced toxicity.
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14.4.4  Inflammation

Overexpression of proinflammatory cytokines 
and induction of inflammatory response by 
AgNPs is the result of initial oxidative stress. 
Generation of ROS consequently leads to upreg-
ulation of transcription factor NF-ĸB and activa-
tion of the release of proinflammatory cytokines 
[143]. AgNPs have a higher rate of cellular 
uptake compared with ionic form of silver and 
induce oxidative stress and inflammatory 
response more potently, as shown by Prasad et al. 
[144] in liver HepG2 cells. However, few reports 
concerning AgNP-induced inflammatory 
responses in brain are available. An in vitro study 
revealed that AgNPs potently induce release of 
proinflammatory cytokines such as TNF-a, IL-1b 
and PGE2 in primary rat brain microvessels 
which further leads to increased permeability of 
microvessels [98]. Exposure of astroglial cultures 
to AgNPs significantly increases the secretion of 
multiple cytokines/chemokines. Moreover, 
unlike silver ions, AgNPs induce expression of 
CINC-2α/β and CINC-3 chemokines which are 
involved in recruitment of neutrophils, as well as 
fractalkine, interferon gamma-induced protein 10 
(IP-10), L-selectin and thymus chemokine which 
are all pro-inflammatory mediators [65]. 
However, expression of interleukin-10 (IL-10) 
which has anti-inflammatory potential was also 
found to be increased. Similarly, Huang et al. 
[123] reported that AgNPs taken up in the pro-
cess of endocytosis, induce pro-inflammatory 
IL-β cytokine secretion and gene expression of 
chemokine 13 (CXCL13) in murine ALT astro-
cytes, microglial BV-2 cells and neuronal N2a 
cells. These observations indicate that AgNPs 
induce pro-inflammatory activity in brain tissue 
of exposed animals.

14.4.5  Cell Death

As described above (see Sect. 14.4.1), cell death 
is accompanied by sustained elevation of intra-
cellular Ca2+. Dysregulation of homeostasis leads 
to pathological Ca2+-mediated signaling which 
involves activation of intracellular pathways to 

trigger cell death by apoptosis or necrosis, 
depending on the type and status of the cell and 
the severity of pathological insult [129].

14.4.5.1  Apoptosis
Induction of apoptosis by AgNPs has been 
reported in a number of in vitro studies using dif-
ferent types of mammalian cells such as: human 
lung cancer cells [145], human liver cells [142], 
human colon cancer cells [146], fibroblast cells 
[147] and mouse embryonic fibroblasts [148]. 
Apoptosis is an energy-dependent process involv-
ing a complex cascade of events. A diverse array 
of stimuli may activate the intrinsic signaling 
pathways of apoptosis which are mitochondria- 
initiated processes. Changes in the inner mito-
chondrial membrane include opening of the 
mitochondrial permeability transition (MPT) 
pore, loss of the mitochondrial transmembrane 
potential and release of pro-apoptotic proteins 
(such as cytochrome c, for example) into the 
cytosol which further activate the caspase- 
dependent mitochondrial pathway (for a review 
see: [149]. AgNP-exposure has been reported to 
induce a drop of mitochondrial potential [64, 
131] and release of cytochrome c from mitochon-
dria [142, 147] (Fig. 14.3).

Caspases are enzymes with proteolytic activ-
ity which play important roles in the regulation of 
cellular pathways controlling apoptosis, which 
once activated, inevitably lead to cell death [149]. 
There is evidence that AgNPs activate caspase-
 3 in different cells [142, 146, 148, 150]. Moreover, 
AgNPs increase the activity of caspases and 
induce cell apoptosis of cultured astrocytes as 
opposed to silver ions which predominantly 
cause necrosis [65]. Exposure to AgNPs induces 
over-activation of caspase 3/7 while exposure to 
ionic silver fails to do so. This confirms that dif-
ferent mechanisms of cell death are triggered by 
different forms of silver [151]. Programmed cell 
death, which is presumed to be specifically 
evoked by nanoparticulate silver, has been shown 
to be induced by oxidative stress [109]. An 
increase in production of free radicals upon expo-
sure to AgNPs is a further indication of activation 
of c-Jun N-terminal kinase (JNK) [147]. In the 
next step, members of the Bcl-2 family of  proteins 
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which control and regulate apoptotic mitochondrial 
events [152], have been shown to be activated 
upon exposure to AgNPs [147, 148, 150].

14.4.5.2  Autophagy
The potential of AgNPs to disrupt mitochondria 
leads to lower efficiency in ATP production and 
loss of cellular energy. Concomitantly, AgNP- 
induced oxidative stress may cause accumulation 
of damaged proteins, which in turn, may provide 
signals to activate the process of autophagy 
which promotes cell survival by using the mis-
folded proteins and damaged cellular structures 
as alternative energy sources. Autophagy is a 
major protein degradation pathway representing 
an evolutionarily conserved catabolic process 
which is crucial for cellular homeostasis. 
Autophagy is involved in proteolysis of distinct 
proteins and degradation of large protein com-
plexes or damaged organelles [153]. At the ultra-
structural level, autophagy starts with formation 

of a phagophore (isolation membrane), which 
subsequently elongates and closes into an 
autophagosome. The membrane used in con-
struction of the autophagosome is presumed to 
originate from mitochondria or endoplasmic 
reticulum [154]. Inside this structure, cytoplas-
mic compartments containing damaged proteins 
or organelles are enclosed and subsequently, 
lysosomes are attached to form the autolyso-
some. Lysosomal enzymes hydrolyze protein 
substrates and recovering macromolecules to be 
reused by the cell. The physiological process of 
autophagy protects the cell against aggregated 
proteins and damaged organelles which, while 
agglomerating inside the cell, may lead to devel-
opment of neurodegenerative diseases and can-
cer. However, prolonged autophagy may induce 
cell death through excessive autolysis or apopto-
sis [155]. In fact, this process has been described 
under both normal and pathological conditions, 
exhibiting pro-survival or pro-death effects and 
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being involved in a variety of processes, such as 
differentiation, inflammation, cellular senescence 
or responses to metabolic stress [156].

As mentioned, after being internalized by the 
cell, AgNPs are stored within the endosomes and 
lysosomes. Hence, the suggestion has emerged 
that AgNPs may impair lysosomal functions 
thereby interfering with the autophagy process 
[157]. AgNPs have been shown to be an inductor 
of autophagy in the rat liver, where it may serve 
as a cellular defensive process against AgNP- 
induced energy reduction [148]. It has also been 
suggested that autophagy occurs in hippocampus 
of rats exposed to a low dose of AgNPs [75]. 
Although experiments directly confirming this 
process have not been conducted in the above- 
mentioned study, characteristic features of cell 
degeneration were observed such as myelin-like 
bodies containing synaptic vesicle clusters or 
mitochondrial remnants. The authors of this work 
hypothesize that these structures are indicative of 
the initial stages of autophagy and that the pro-
cess occurs for efficient removal of oxidatively 
damaged proteins and/or organelles because of 
the response to AgNP-induced oxidative stress. 
Furthermore, the appearance of multi-vesicular 
bodies, a special kind of late endosomes crucial 
for efficient autophagic degradation [158], sug-
gest the occurrence of autophagy in the brain tis-
sue of AgNP-exposed rats.

Presumably, the induction of autophagy is a uni-
versal cellular effect evoked by nanomaterials. It 
has been claimed recently that the autophagic pro-
cesses may be impaired after exposure to nanopar-
ticulate materials such as AgNPs. The interruption 
of autophagy most frequently applies to the 
blockade of autophagosome-lysosome fusion. 
Accumulation of aberrantly enlarged autophagic 
vacuoles containing partially disintegrated material 
may be regarded as a phenotypic feature of defec-
tive autophagic flux [157] (Fig. 14.3).

In cultured mouse embryonic fibroblasts, 
AgNPs induce formation of cytoplasmic acidic 
vesicular organelles (i.e. autophagosomes and 
autolysosomes), several of which were found to 
contain cellular debris and/or particulate mate-

rial. Furthermore, a dose-dependent increase in 
protein markers of autophagy was observed 
[148]. The authors suggest that increased conver-
sion of LC3-I to LC3-II and accumulation of p62 
proteins indicate that AgNP-induced autophagy 
occurs over time followed by blockade of later 
stages. The impairment of this crucial cellular 
process of adaptation may be an important aspect 
of the mechanism of toxicity exerted by AgNPs 
with far-reaching consequences of imbalanced 
homeostasis. More importantly, impairment of 
the autophagic process has been implicated in a 
variety of pathologies such as neurodegeneration, 
cancer, cardiovascular diseases, and immune 
system- related disorders [159]. This indicates a 
need for thorough investigations of this problem, 
particularly in the context of possible environ-
mental exposure to AgNPs.

14.5  Summary

Increasing the number of AgNP-based products 
and medical tools creates potential hazards to 
human health. The high reactivity of AgNPs, and 
its ability to effectively cross cell membranes and 
accumulate in brain structures are of great con-
cern in neuroscience. Most of our current knowl-
edge on the neurotoxic impact of AgNPs has 
been collected from in vitro studies. However, it 
is known that transfer of nanoparticles through-
out body compartments, and interactions with 
biological fluids and biomolecules (particularly 
proteins), causes their characteristics to change 
and influences their cellular fate and toxicity. 
Thus, the neurotoxic effects must be investigated 
thoroughly using animal models with realistic 
doses of exposure to assess the nano-bio interac-
tions which influence structures and functions at 
the organism-level. Importantly, in attempting to 
relate the experimental doses and periods of 
exposure to realistic situations, we will provide 
answers which allow us to improve the biosafety 
of AgNP-based nanotools for medicine and to 
estimate the benefit-to-risk ratio of continued use 
of AgNP-containing products.
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Abstract

Nanotechnology has allowed great changes in chemical, biological and 
physical properties of metals when compared to their bulk counterparts. 
Within this context, silver nanoparticles (AgNPs) play a major role due to 
their unique properties, being widely used in daily products such as fab-
rics, washing machines, water filters, food and medicine. However, AgNPs 
can enter cells inducing a “Trojan-horse” type mechanism which poten-
tially leads to cellular autophagy, apoptosis or necrosis. On the other hand, 
this cytotoxicity mechanism can be optimized to develop drug nanocarri-
ers and anticancer therapies. The increasing use of these NPs entails their 
release into the environment, damaging ecosystems balance and represent-
ing a threat to human health. In this context, the possible deleterious 
effects that these NPs may represent for the biotic and abiotic ecosystems 
components represent an obstacle that must be overcome in order to guar-
antee the safety use of their unique properties.
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15.1  Introduction

The use silver nanoparticles (AgNPs) has become 
common in daily products employed in modern 
society. These nanoparticles (NPs) can be 
founded in wound dressings, food pack, medical 
devices and even in textiles industry [1–3]. 
Surprisingly, in a list of 1015 products present on 
the markets containing NPs, 259 of them contain 
AgNPs [4]. Therefore, due to their unique prop-
erties, these NPs have been entered in our houses 
without ask license exposing us to an unknown 
threat. Moreover, their physical, chemical and 
optical properties are being highly studied and 
exploited by researchers across the world for dif-
ferent purposes [5, 6]. However, the utilization of 
antibacterial potential of silver is not recent but it 
goes back to Hippocrates, the father of medicine, 
who used the silver to treat ulcers and spread  
the biocidal potential of this metal to the west 
civilization [7].

The AgNPs are formed by agglomerates of  
silver atoms ranging from 1 to 100 nm which are 
metallically bonded. Owing to their nano-size, 
these NPs present large surface area ratio and 
high reactivity being sensitive to oxygen [5]. The 
study of the relationship between silver nano-
technology’s and its possible toxic effects to man 
health is relatively new and some studies have 
shown that these NPs can be toxic to mammalian 
cells [8–10].

In the sixteenth century, Paracelsus, known as 
the father of toxicology stated that all substances 
are potentially harmful, what makes something 
into a poison is just the dose. In this context, the 
elucidation of dose response of cytotoxic effect 
induced by AgNPs will allow their safe use for a 
multitude of industrial applications, as well as 
their employment for therapeutic purposes [11]. 
In addition to the concentration, it is important to 
determine the relationship between size, shape 
and toxicity, so that the NPs are synthesized with 
the desired properties.

Therefore, this chapter will explore the aspects 
related to the toxicity of these NPs discussing 
their use in the treatment of water and their con-
sequent release into aquatic ecosystems, the 
influence of interaction with organic matter 

on their toxicity and the mechanisms of action of 
these NPs in cells and various organisms. The 
question of AgNPs safe use can be compared 
with decisions made from coin flipping. Initially 
used by Roman soldiers and known as “navia aut 
caput”, the coin flipping offers only two different 
possibilities, heads or tails, which represent 
totally different results obtained from the same 
coin.

15.2  AgNP Toxicity in Aquatic 
Environments

Water is an essential need for life and the access 
to potable water is considered one of the most 
basic humanitarian goals. In view of this fact, the 
use of technologies including filtration, ultravio-
let radiation, chemical treatment and desalination 
has been well established since the ancient civili-
zations [12–14]. As previously mentioned, NPs 
and especially AgNPs are present in a multitude 
of daily products. Thus, cleaning or disposal of 
these objects may result in the release of 
these NPs into the environment. Moreover, nano-
materials have become very useful in water treat-
ment because of their different properties like 
high reactivity, high surface area, and high 
adsorption when compared to materials in mac-
roscopic scale. Interestingly, one of the nanoma-
terials most used in water treatment are AgNPs. 
Among the various biocide mechanisms of 
AgNPs, attention is directed to their ability to 
attach to cell membrane and penetrate bacterias 
compromising their respiratory chain and cell 
division [15]. Another effect of AgNPs on bacte-
ria is the Ag+ ion release. These ions interact with 
thiol groups resulting in enzymatic damage and 
preventing DNA replication [13]. Due to this 
bactericidal effect of AgNPs, there is a large vari-
ety of materials which employs these NPs for 
water disinfection (Table 15.1).

Membranes provide a physical barrier for 
undesirable matter based on their size. They pro-
vide a high level of automation, require less land 
and chemical use, and allows flexible design, 
besides the possibility of addition of components 
that improve the removal of pathogenic microor-
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ganisms [13]. The addition of AgNPs in mem-
branes is very common; these NPs can be 
anchored on a polymer (usually methacrylic acid 
copolymer due to its unique characteristics such 
as insolubility, mechanical strength, and macro-
porous nature). This method was effective to 
eliminate E. coli, P. aeruginosa, B. subtilis, and 
S. aureus [14] (Fig. 15.1).

AgNPs can be coated on foams and be used as 
antibacterial water filters through a non-toxic and 
cheap process. The polyurethane coated with 
AgNPs resists to storage, washing, and drying 
without AgNPs release and no bacterium was 
detected in the output water when the input water 
had a bacterial load of 1 × 105−1 × 106 CFU mL−1 
(colony-forming units’ mL−1). Results from stan-
dard test such as “inhibition zone” and “test tube” 
are in agreement with WHO requirements for 
drinking water [15].

Another material used in water treatment is 
ceramics due to their long lifetime and resistance 
to high temperature, pressure and corrosive solu-
tions. The addition of AgNPs makes them very 
useful to kill bacteria. At a flow rate of 0.01 L 
min−1, the output count of E. coli was zero when 
the input water had a bacterial load of ∼105 CFU 
mL−1, proving the high efficient of this material 
in the water treatment [17]. The large utilization 

of different materials for water disinfection  
calls attention about the lifetime of them. Haider 
and colleagues [20] have studied aminated 
polyethersulfone- silver nanoparticles (AgNPs- 
APES) composite membranes and reported the 
release of ionic silver after 12 days [20]. 
Therefore, in order to ensure the safety use of 
these membranes and not exceed the allowed 
concentration for silver in drinking waters, it is 
important to find mechanisms to prevent the 
release of silver during these disinfection pro-
cesses [21].

The release of silver (as NPs or ions) can 
affect the human health and the environment. 
AgNPs impregnated in coal of water filters used 
in home treatment devices can represent risks to 
human health due to the Ag+ release in the puri-
fied water [14]. Furthermore, the sewage sludge 
resulting from water treatment is often used as 
fertilizer for agricultural soils, thus, AgNPs can 
be leached to aquatic systems and enter in food 
web by the primary producers. The first toxic 
effects on primary producers like algae are the 
decrease in chlorophyll content, damage in pho-
tosynthesis, increase of ROS (Reactive Species 
of Oxygen) and lipid peroxidation [22–24]. 
Secondary organisms like crustaceans (Daphnia 
magna) can be affected by AgNPs in water or by 
ingestion of primary producers and among these 
effects can be cited the abnormal swimming and 
decrease of reproduction [25, 26]. Malformations 
in embryos of zebrafish due to exposure to AgNPs 
have also been reported [10]. In this context, 
some studies have demonstrated that these NPs 
can be toxic to algae [27], fish [28], snails [29] 
and plants [30]. On the other hand, other analyzes 
have shown that the prolonged exposure to 
these NPs cannot be very harmful to the aquatic 
ecosystem. Jiang and coworkers [31], for exam-
ple, demonstrated that the chronic exposure to 
AgNPs or AgNO3 during 90 days does not sig-
nificantly affect the phytoplankton biomass and 
the diversity of aquatic plants and animals [31].

AgNP toxicity is related to their size, shape 
and load, so the synthesis methods used in their 
manufacture must be controlled to obtain the 
desired properties. Moreover, the subsequent NP 
characterization analyzes by means of dynamic 

Table 15.1 Different AgNP coated materials used in 
water treatment

Material coated 
with AgNPs Effectiveness References

Membranes Effective elimination of 
E. coli, P. aeruginosa, B. 
subtilis, and S. aureus

[14]

Foam Effective elimination of 
Escherichia coli

[15]

Filter Completely effective 
against Escherichia coli

[16]

Porous 
ceramic

Effective elimination of 
Escherichia coli, output 
count was zero

[17]

Woven fabric 100% efficient in 
elimination of 
Escherichia coli

[18]

Paper sheet Significant biocidal 
action against 
Escherichia coli and 
Enterococcus faecalis

[19]
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light scattering (DLS), scanning and transmis-
sion electron microscopy allow the comparison 
among different researches, thus elucidating the 
AgNP toxicity and helping to establish safe stan-
dards for their utilization. In this context, strate-
gies comparing different sizes of AgNPs are 
extremely relevant because they elucidate the 
relation between size and toxicity. However, 
most of studies exploring AgNP toxicity disre-
gard a very important step in determining the real 
risk offered by these NPs, which is the simulation 
of interactions between organic compounds with 
AgNPs after their releasing into the environment. 
These compounds may modulate or even inacti-
vate the toxicity of AgNPs, demonstrating that 
the real damage caused by these NPs may be 
overestimated in in vitro and in vivo studies 
which do not consider these interactions.

15.3  AgNP Interaction 
with Natural Organic Matter 
(NOM)

The aquatic ecosystem is the most easily to be 
contaminated with NPs and their interactions and 
behavior with water, NPs and natural organic 
matter (NOM) are extremely important in studies 
of their toxic behavior in this environment. The 
NOM consists of a large variety of organic mol-

ecules that is referred as humic substances and is 
rich in humic and fulvic acids. These substances 
have great importance in binding metals, and 
because of this, can affect the transport and sta-
bility of metal NPs [32, 33]. When NOM is in 
contact with NPs, it can modify NPs proprieties 
by adsorption onto surface forming a coat [34].

When AgNPs enter into aquatic environment, 
they can interact with NOM. The adsorption of 
NOM by AgNPs depends on two factors: (i) the 
composition of NOM and (ii) the capping agent 
of AgNPs. If the amount of sulfur and nitrogen is 
higher in NOM, the adsorption increases. On the 
other hand, if the bonds between the capping 
agent and AgNPs were lost the NOM can bind to 
AgNPs, stabilizing them [35]. Low concentra-
tions of NOM increase NP stability; however, 
high concentrations of NOM can stimulate the 
agglomeration of these NPs [36, 37]. The stabili-
zation of AgNPs by NOM occurs by its adsorp-
tion on AgNPs´ surface preventing their 
agglomeration.

In the dissolution of AgNPs, Ag+ species can 
be released; these Ag+ ions are well known to be 
toxic to the environment because they induce 
oxidative stress [38]. However, the NOM adsorp-
tion on AgNPs affects their dissolution propri-
eties reducing the Ag+ release in a dose-dependent 
manner. This ion releasing decreases by different 
mechanisms like the adsorption of NOM blocks, 

Fig. 15.1 Schematic 
representation of a 
membrane coated with 
AgNPs and its effects 
against bacteria
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the oxidation of AgNPs sites and the reversible 
reaction of Ag+ formation from Ag0 due to the 
humic/fulvic acids acting as reducing agents 
[39]. In addition, even when release of Ag+ ions 
occurs, NOM can bind to these ions decreasing 
its toxicity [37, 40]. Interestingly, NOM binding 
to Ag+ ions can reduce, coat, and stabilize these 
ions forming AgNPs naturally [41].

Due to the binding proprieties of NOM, the 
concentration of free Ag+ ions can decrease, thus 
their toxicity also decrease [34, 35, 40]. More 
specifically, when NOM is in high concentra-
tions, it stimulates the formation of AgNPs 
agglomeration; these agglomerates are large and 
cannot enter in cell membrane, thus decreasing 
the AgNPs toxicity, as represented in Fig. 15.2.

The decrease of toxicity of AgNPs coated with 
NOM is also related to their lower bioavailability. 
The formation of larger agglomerates with high 
molecular weight favors their removal into sedi-
ments, decreasing their bioavailability [41]. 
Besides all these factors, the composition of NOM 
is also an important factor in the toxicity of AgNPs: 
a higher amount of sulphur reduces the dissolution 
of AgNPs, and consequently the concentration of 
Ag+ ions decrease and also their toxicity [42].

The effects caused by AgNPs in the environ-
ment are closely related to the interactions occur-
ring in the ecosystem; and the organic matter is 
important in this context. These associations have 
impacts on the NP toxicity, decreasing the bio-

availability and concentration of Ag+ ions. 
Nevertheless, more studies exploring the interac-
tion between AgNPs and organic matter should 
be done to unveil the real risk offered by the 
exposure to these NPs.

Some studies have also shown that the interac-
tion between NPs and mammalian cells can cause 
lesions in the genetic material [9, 43, 44]. Our 
group used the micronucleus test and comet 
assay to demonstrate that AgNPs can induce 
chromosomal breaks and genotoxic damage [9]. 
Furthermore, high NP concentrations can be 
cytotoxic, causing cell death by various mecha-
nisms such as apoptosis, necrosis and autophagy. 
Although numerous studies [9, 43–45] have con-
firmed the direct and indirect cyto- and genotoxic 
potential of AgNPs in vitro and in vivo, the 
mechanism of action of these NPs is still 
 uncertain. However, increasing evidence has cor-
roborated the Trojan-horse mechanism as respon-
sible for AgNP toxicity [46, 47].

15.4  AgNPs and the Trojan Horse 
Mechanism

The antimicrobial potential of silver materials is 
related to Ag+ ion release after the interaction 
with oxygen. AgNPs in aqueous solution release 
Ag+ ions, which are biologically active and can 
mediate the bactericidal effect [6] as well as lead 

Fig. 15.2 Schematic 
representation of the 
interactions among 
AgNPs, NOM, and Ag+ 
ions
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to significant cytotoxicity in mammalian cells 
[48, 48]. Studies demonstrate that Ag+ ions can 
interact with cytoplasmic components and 
nucleic acids, resulting in the inhibition of respi-
ratory chain enzymes, and interfering in mem-
brane permeability [5, 49]. Thereunto, an 
effective way of quantifying AgNP’s toxicity can 
be the measurement of AgNPs/Ag+ ratio in the 
intra and extra cellular medium [46]. The strate-
gies used to separate AgNPs from Ag+ ions are 
centrifugation, ultrafiltration, and cloud point 
extraction. To quantify each of these components, 
the atomic adsorption spectroscopy or mass spec-
troscopy techniques have been used [46, 47, 50–
52]. Wang and colleagues [47], for example, 
separated AgNPs and Ag+ ions into erythroid 
cells (MEL) from mice by means of a cloud-point 
extraction and found AgNPs (82.1%) and Ag+ 
ions (17.9%) together inside cells, which suggest 
the occurrence of a Trojan-horse type mechanism 
[47]. However, it is still necessary to compare the 
internalization rate of AgNPs and Ag+ in order to 
determine if ionization is really occurring in the 
intracellular environment [46].

However, one study comparing AgNPs with 
others silver solutions revealed that these NPs 
have a greater antibacterial potential than free 
Ag+ independent of elution [52]. Recent evi-
dences show that AgNPs can produce many reac-
tive oxygen species (ROS) including 
superoxide-radical (O2

−), hydroxyl radical 
(OH−), hydrogen peroxide (H2O2), and singlet 
molecular oxygen (1O2) [53]. Furthermore, H2O2 
can react with internalized AgNPs to form more 
Ag+ ions, thus, the Trojan-horse mechanism is a 
chain reaction which results in an increasing 
release of Ag+ [46]. Inside cells, Ag+ can react 
with other ions such as Cl− and S2−, forming 
AgCl and AgS2, respectively [54, 55]. Moreover, 
other compounds such as Ag-cysteine and Ag2O 
can be formed (Fig. 15.3). Oxidative stress can 
induce DNA and protein damage and lipid per-
oxidation [56], which partially explains how 
AgNPs can present antibacterial effects and are 
potential toxic to humans [57].

Moreover, Park and colleagues [58] reported 
that AgNPs can promote various genetic and 
physiological modifications, such as increased 

expression of matrix metalloproteinases and 
decreased intracellular glutathione expression 
[58].

15.5  AgNPs as Nanocarriers (NC)

Nowadays, the flexibility in NP synthesis allows 
the production of nanocarriers (NC) with some 
tunable properties like solubility, particle size, 
circulation half-life and degradation. These nano- 
systems can be engineered to target organelles, 
cells or tissues in a specific way reducing these 
previously mentioned side effects [11].

The cellular uptake of NCs can occur through 
a passive translocation across the bilayer mem-
brane or by physicochemical techniques such as 
electroporation. Due to NP large surface area and 
curvature relative to their volume, cells activate 
the endocytosis process for their uptake [11]. 
This cellular uptake process can be used as a stra-
tegic pathway to deliver drugs in specific cells. 
Thus, drugs can be loaded with NPs and target 
moieties on the surface which will act against 
receptors without affect normal cells. Many 
receptors have been discovered for cancer drug 
targeting, the most commonly used is the folic 
acid [59]. NPs can spread over different tumors 
regions by blood vessels and then to interstitial 
space until arriving cancer cells, eradicating them 
[60, 61].

AgNPs are potential anticancer agents and 
some studies using biologically synthesis meth-
ods prove this potential [62]. Cytotoxicity studies 
of AgNPs using Melia dubia extracts against 
human breast cancer cells showed that low con-
centrations of these NPs were able eliminate 50% 
of cancer cells [63]. Moreover, AgNPs synthe-
sized using Malus domestica (apple) extract 
showed significant cytotoxic effects against 
MCF-7 breast cancer cells [64]. Another study 
that used AgNPs engineered by Nonotus obliquus 
(Chaga mushroom) extract showed effective anti-
proliferative activity toward A549 human lung 
cancer and human breast cancer cells (MCF-7). 
These studies, demonstrate that AgNPs produced 
by green synthesis methods possess high cyto-
toxic activity against cancer cells which suggests 
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the potential therapeutic use of these NPs as 
a "Trojan Horse" strategy against cancer [65].

Recently, Pang and coworkers [66] used mac-
rophages cells as “Trojan-horses” to carry drug- 
loading NPs which could pass through cellular 
barriers and offload them into brain tumor sites. 
Free anticancer drugs encapsulated into cells 
could cause damage to the carrier itself before 
arriving at tumor sites suppressing the functions 
of cells as transporters. Therefore, the research-
ers encapsulated anticancer drugs into NPs to 
reduce the damage of the drug to cell carriers. In 
this investigation, nanodrugs were encapsulated 
into patient macrophages, then these macro-
phages loaded with drugs-NPs were transferred 
back into the patient to achieve improved efficacy 
and to reduce immune responses [66].

Wang and colleagues [47] showed that AgNPs 
reduced the efficiency of cell transcription due to 
the direct binding of silver to RNA polymerase. 
The drugs that inhibit microbial or viral RNA 
polymerase activity have been used against 
invading pathogens [47]. Therefore, this work is 
an interesting example about how Trojan-horse 
mechanism can be used for medicine research. 
Evidence for AgNP toxicity through this mecha-

nism was also found in mouse macrophages 
(RAW264.7) and in human bronchial epithelial 
cells (BEAS-2B) [58, 67, 68].

On the other hand, NPs can be captured by 
central nervous system through microglia and 
astrocytes cells, representing a threat to neuronal 
cells [69]. In vivo studies have been shown that 
AgNPs can accumulate on the developing brain, 
leading to developmental dysmorphologies [70]. 
The potential neurotoxicity of AgNPs is also 
related to ROS induced by NPs which may be 
associated with neurodegenerative disorders 
[46]. Nevertheless, studies evaluating the 
 implications and applications of AgNPs in bio-
logical systems are still recent and how this NPs 
influence people health remains unanswered.

15.6  AgNP Cytotoxicity: 
Apoptosis, Necrosis 
and Autophagy

Cells which are unnecessary for the organism 
commit suicide by activating an intracellular pro-
grammed death known as apoptosis. This process 
is morphologically characterized by pyknosis 

Fig. 15.3 Illustrative scheme of the “Trojan-horse” 
mechanism. AgNPs are internalized by cells and then are 
oxidized forming Ag+ which can react with free ions such 

as Cl−, S2− and O2− or cysteine in the intracellular medium. 
Ag+ can also induce the formation of ROS inside cells 
(Modified from [46])
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(deep staining of nuclear mass), nuclear fragmen-
tation, and formation of condensed cell bodies 
(apoptotic bodies). On the other hand, necrosis 
process occurs when cell suffer an unexpected 
and accidental damage. Therefore, toxic chemi-
cal or physical events like toxins and radiation 
exposure can result in an electron-lucent cyto-
plasm [71, 72].

In vitro studies have shown that AgNPs can be 
cytotoxic to human cells. Some researchers 
reported that AgNPs decrease the viability and 
proliferation of keratinocytes and human liver 
cells [73, 74]. The researchers discovered that 
AgNPs interfere in cell cycle and lead to increase 
of apoptosis both in brain tumor cells and normal 
fibroblasts [75]. However, the mechanisms related 
with AgNP cytotoxicity are still not totally clear.

As described in the last session, the oxidative 
stress mechanism mediated by AgNPs in cells is 
caused by an imbalance between oxidants and 
antioxidants and resulted in damage to cells 
organelles such as mitochondria and endoplas-
mic reticulum, [76–78] which activates apoptosis 
in mammalian cells [79–82].

ROS are mainly generated in the mitochondria 
[83], but some studies show that other cell organ-
elles like endoplasmic reticulum (ER) also 
respond to oxidative stress playing an important 
role in the outcomes activated by AgNPs [84, 85]. 
The endoplasmic reticulum is involved in protein 
folding and assembly, lipid biosynthesis, vesicu-
lar traffic, and cellular calcium storage. This 
organelle is sensitive to alterations in homeosta-
sis; thus, any change in cell metabolism can com-
promise its function, inducing cellular damage 
and apoptosis [86].

ER related changes such as inhibition of pro-
tein glycosylation, reduction in disulfide bond 
formation, calcium depletion from the ER lumen, 
impairment of protein transport from the ER to 
Golgi apparatus and expression of misfolded pro-
teins may causes proteotoxicity in this organelle 
causing an endoplasmic reticulum stress [87–89]. 
Considering that this organelle is essential for 
cell survival, changes in ER function interfere in 
cell apoptosis and some studies already have 

reported the importance of ER in apoptotic pro-
cess [90].

It is known that the toxic effect of AgNPs 
depends on their size and the coating material 
[91–93]. Liu and colleagues [92], for example, 
demonstrated that small AgNPs (3–4 and 5–7 nm) 
were more toxic than 10–40 nm NPs to mouse 
cells [92]. However, our group demonstrated that 
100 nm AgNPs tend to be more toxic than their 
smaller counterparts (10 nm) [9]. Therefore, 
although there is no consensus about the relation-
ship between size and toxicity in these NPs; the 
NP diameter is directly related with the biocide 
potential of AgNPs. On the other hand, Gliga and 
co-workers [91] demonstrated that citrate coating 
affect NP toxicity with the exception of 10 nm 
AgNPs [91]. Furthermore, the cytotoxic effects 
of AgNPs may cause different responses depend-
ing on the cell type. Kim and co-workers [94], for 
example, reported that AgNP cytotoxicity stimu-
lated apoptosis in osteoblastic cells; otherwise it 
induced necrosis in adrenal medulla cells in mice 
[94]. These opposite effects can be activated in 
dependence of molecular mechanism differen-
tially expressed in cells from diverse origins 
which can affect proactive pathways in those 
cells.

Asare and colleagues [95], for example, 
reported on in vitro study that AgNPs can caused 
DNA damage, apoptosis, necrosis and prolifera-
tion decrease in murine primary testicular cells as 
well as tumor cells [43, 95]. In this context, Li 
and coworkers [96] evaluated the cytotoxicity of 
AgNPs decorated by polyethylenimine (PEI) and 
paclitaxel (PTX) (Ag@ PEI™ PTX) in HepG2 
cancer cells. Induction of apoptosis in these cells 
after exposure to Ag@PEI & gt; PTX was veri-
fied due to DNA fragmentation, depletion of 
mitochondrial membrane potential, activation of 
caspase 3 and increase in cell population in sub- 
G1 phase of cell cycle [96]. Assays using 7-AAD 
and Annexin-V dyes demonstrated that AgNPs 
have the potential to induce cell necrosis or acci-
dental cell death. This induction has been shown 
to be related with size and time of exposure to 
AgNPs [97].
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Autophagy is a degradation process of toxic 
proteins and damaged organelles in which por-
tions of the cytoplasm are stocked in autophago-
somes and then are fused with lysosomes forming 
autolysosomes. Posteriorly, the autolysosomes 
content is degraded by lysosomal hydrolases and 
recycled for energy utilization [98]. The autoph-
agy process is mainly characterized as a survival 
mechanism from different environmental stresses 
such as AgNP exposure. It has been proposed that 
AgNPs can induce this type of cell response by 
interfering in the ubiquitination process. These 
NPs would be able to promote the increase of 
enzyme levels that participate in the ubiquitina-
tion and avoid the biological reactivity of ubiqui-
tin [99].

NP-induced autophagy has been considered as 
a potential molecular target for NPs based che-
motherapy [100–102]. The NP-activated autoph-
agy has been associated with inflammation, 
oxidative stress, and induction of apoptosis [103]. 
Until now, studies involving autophagy and apop-
tosis after NPs exposure suggest that these NPs 
can cause irreversible damage to cell [104].

Considering the increasing use of NPs in 
many manufactured products, some researchers 
are also evaluating the possible effects that the 
interaction between AgNPs and others nanomet-
als may cause to cells. In recently studies, the 
associations of AgNPs and metal ions of cad-
mium and mercury, which are found in various 
environmental contaminants (e.g. battery fluid, 
fertilizers, paints, plastic stabilizers, coal com-
bustion, and seed treatment), were more toxic 
than AgNPs [105, 106]. The association caused a 
decrease in cell viability and changes the cell 
death type from apoptosis to necrosis [107]. 
Thus, these results suggest that there is still much 
to understand about NP interactions with other 
nanomaterials and how this may influence our 
lives.

15.7  Conclusion

Nowadays, AgNPs are the most widely used NPs 
in the industry because of their peculiar biocide 
features. The applications of these features to 

industrial and therapeutic purposes have been 
brought enormous benefits to our society. 
However, the employment of these NPs still runs 
into limitations mainly because of lack of stan-
dardization of size and shape and the absence of 
dose-dependent toxicity elucidation. Added to 
these obstacles is the scarcity of studies measur-
ing the toxicity of these NPs after their interac-
tion with organic matter and their intracellular 
mechanisms of action. Thus, further studies 
should explore these issues to potentiate the 
applications of the unique AgNPs properties.
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Abstract

The increasing application of nanomaterials both in commercial and 
industrial products has led their accumulation in the aquatic ecosystem. 
The rapid development and large scale production of nanomaterials in the 
last few decades have stimulated concerns regarding their potential envi-
ronmental health risks on aquatic biota. Inorganic nanoparticles, due to 
their unique properties and associated material characteristics resulted in 
toxicity of these nanomaterials in aquatic organisms. Understanding their 
novel properties at nanoscale has established to be a significant aspect of 
their toxicity. Unique properties such as size, surface area, surface coating, 
surface charge, aggregation of particles and dissolution may affect cellular 
uptake, molecular response, in vivo reactivity and delivery across tissues 
of living organism. Already lot of research in the past three or four decades 
within the nano-ecotoxicology field had been carried out. However, there 
is not any standard technique yet to assess toxicity of nanoparticles (NPs) 
on different biological systems such as reproductive, respiratory, nervous, 
gastrointestinal systems, and development stages of aquatic organisms. 
Specific toxicological techniques and quantification of nanoparticles are 
vital to establish regulations to control their impact on the aquatic organ-
ism and their release in the aquatic environment. The main aim of this 
chapter is to critically evaluate the current literature on the toxicity of 
nanomaterials on aquatic organism.
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16.1  Introduction

Nanotechnology is an emerging technology for 
the twenty-first century and its application has 
been observed in all fields such as medical sci-
ence, space science, semiconductor technology, 
information technology, cellular and molecular 
biology, agriculture and animal science, etc. It 
also has tremendous potential applications in 
fisheries and aquaculture. This is due to smaller 
size and targeted effects of the nanoparticles [1, 
2]. United States National Nanotechnology 
Initiative (NNI) defined Nanotechnology as 
“understanding and assure of matter at propor-
tions of roughly 1 to 100 nm where unique phe-
nomena enable novel applications”. However, 
Nanoforum, defined it as “Nanotechnology is the 
exploitation of the ability to assure matter at sizes 
between 0.1 and 100 nm, resulting in unique 
functionalities [3]. It includes the production and 
application of physical, chemical, and biological 
organizations at scales ranging from individual 
atoms or molecules to submicron dimensions, as 
well as the integration of the resulting nanostruc-
tures into larger systems. The prefix ‘nano’ is 
deduced from the Greek word for dwarf. One 
nanometre (nm) is equal to one-billionth of a 
metre, 10−9 m [4]. The conceptual underpinnings 
of nanotechnologies were first laid out in 1959 by 
Nobel Prize winner, the physicist Richard 
Feynman, in his lecture ‘There’s plenty of room 
at the bottom’ [5]. The term ‘nanotechnology’ 
was not used until 1974, when Norio Taniguchi, a 
researcher at the University of Tokyo, Japan used 
it to mention, ‘to the ability to engineer materials 
precisely at the nanometre level’ [6]. It has two 
prime meanings: (1) Novel science and technol-
ogy that takes benefit of properties functioning at 
the nanoscale and (2) building with atomic preci-
sion using molecular machine systems [7]. 
Nanoparticles (NPs) manufacturing is an essen-
tial component of nanotechnology because the 

specific properties are realized at the nanoscale, 
nanocrystal or nanolayer level.

NPs have been developed in many different 
inorganic and organic forms, the main types 
including nanometals (e.g. silver nanoparticles, 
gold nanoparticles), metal oxides (e.g. Iron, 
Copper, Nickel, Zinc etc.) carbon-based materi-
als such as carbon nanotubes (CNTs) and carbon 
spheres (e.g. C60 fullerenes, often called ‘bucky 
balls’ by the media) as well as composites made 
of several substances such as nanoceramics and 
quantum dots [8, 9] and polymeric nanomaterials 
(Chitosan, sodium alginate, Poly lactic-co- 
glycolic acid). There are several other nanomate-
rials which are being used in medical science, 
biosensors, biomaterials, tissue engineering, 
DNA modification, etc. [10–12]. Quantum mech-
anism plays a significant role in reducing the size 
of the materials to nanoscale and also changes the 
electrical, mechanical and optical properties of 
the nanoparticles. Because of the change in their 
properties, nanoparticles gained its popularity to 
be used in various fields such as textiles and fab-
rics, drug delivery, food processing, electronics, 
innovative building materials, water treatment 
technology, remediation of contaminated land, 
etc. Presently, nanomaterials are utilized to solve 
various health related applications such as detec-
tion, diagnosis and treatment of diseases. The 
nanoparticles show a huge surface area/mass 
ratio to conjugate or encapsulate biomolecules. 
The small size of the nanoparticles facilitates 
their uptake by cells and the passage across epi-
thelial or endothelial barriers into the blood or the 
lymph circulation. This in turn results in easy 
absorption of the nanoparticle or nanoconjugated 
biomolecules and thus acts more efficiently.

With the expansion in industrialization and 
the use in of NPs in new technology, there is an 
increase in the use of nanomaterials for the last 
few decades and this resulted in the surge in their 
release into the aquatic environment. There are 
innumerable sources of entry of NPs into the 
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aquatic environment. NPs enter the environment 
mainly through waste water effluents, volcanic 
eruptions, accidental spillages, industrial run- 
offs, agricultural drainage water etc. However, 
there is a growing concern about the toxicity of 
the nanoparticle in general which needs to be 
addressed. If the nanoparticle used is not biode-
gradable, they will likely remain there for a long 
time, potentially accumulating to toxic levels. 
There are very limited studies on the long-term 
effects of these nanomaterials on the aquatic 
environment. There is scanty information about 
the negative effects of the nanoparticles on 
growth, reproduction, development, accumula-
tion or about the elimination from the body. The 
methods to test for these materials in the environ-
ment are in their infancy. Therefore, an urgent 
need to know about the effect of the particles on 
aquatic organism is required. Because of increas-
ing prevalence of nanoparticles in consumer 
products, international efforts are undertaken to 
verify nanoparticle safety and to understand the 
mechanism of their toxicity. The present chapter 
reviewed potential toxicity of NPs in fisheries 
and aquaculture providing a vital summary of 
recent scientific literature on potential hazardous 
effects of NPs on aquatic organisms.

16.2  Types of Nanomaterials

A wide range of NPs has been available in nowa-
days in commercial market as well as in natural 
environment. They can be classified based on 
their origin (natural) chemical composition 
(organic, inorganic), formation (biogenic, anthro-
pogenic, and atmospheric), their size, shape and 
characteristics, their applications in research and 
industry, etc. As nanomaterials are small, they 
have a much better surface area to volume ratio 
than the conventional forms. They can be pro-
duced in one dimension (surface film), two 
dimension (strand or fibres) or three dimension 
(particles) and in different irregular and regular 
shape such as sphere, rod tubes wires etc. Due to 
their unique electrical, catalytic, magnetic and 
thermal features, these materials have received 
much attention among researchers in many fields 

of biological science including fisheries and 
aquaculture. Nanomaterials can be broadly clas-
sified based on nature or material used for their 
manufacture as given in Table 16.1.

16.3  Nanotechnology 
in Aquaculture and Fisheries

In aquaculture industry, nowadays NPs are used 
for various purposes like rapid disease detection, 
drug delivery like vaccines, hormones, and nutri-
ents, nanosensors etc., [13–15]. The areas associ-
ated with aquaculture and fisheries where 
nanotechnology can be applied are given in 
Fig. 16.1.

16.4  Toxicological Profiling 
of Different Types of NPs

Nanotechnology is a fast-growing technology. 
With the advantage of small size nanoparticles 
have applications in all fields. Its application has 
been observed in medical science, space science, 
semiconductor technology, information technol-
ogy, cellular and molecular biology, agriculture 
and animal science including fisheries and aqua-
culture etc. Nanoparticle manufacturing is an 
indispensable component of nanotechnology 
because the properties are realized at the 

Table 16.1 Classification of nanomaterials based on 
nature of material

Nature of 
material Examples Applications

Inorganic 
or metal 
based

Nanosilver, Nanoglod, 
Quantum dots, Metal 
oxides etc.

Imaging, 
diagnostic, 
Antimicrobial 
etc.

Organic 
materials

Chitosan, Alginates, 
Gelatin.Starch, 
Liposomes, Dextran

Drug and gene 
delivery

Carbon 
based

Fullerenes, 
Dendrimers, Nanotube

Drug and gene 
delivery

Polymeric 
carrier

Poly lactic-co-glycolic 
acid (PLGA), 
Poly- 
alkylcyanoacrylates, 
Polyethyleneamine

Drug, vaccine, 
hormones and 
gene delivery

16 Molecular and Cellular Toxicology of Nanomaterials with Related to Aquatic Organisms
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nanoscale, nanocrystal or nanolayer level. These 
materials have been produced in many different 
organic, inorganic or chemical forms, the main 
types including nanometals like silver nanoparti-
cle (AgNPs) gold nanoparticle (AuNPs) as well 
as composites made of several substances such as 
nanoceramics and quantum dots. However, with 
the tremendous use of these particles, there is a 
growing concern about the toxicity of the 
nanoparticle which needs to be addressed (Table 
16.2). Most of the nanomaterials get accumulated 
in the aquatic environment through all the drain-
ages and run off. If the nanoparticle used is not 
biodegradable, they will likely remain there for a 
long time, potentially accumulating to toxic lev-
els. Exposure of these nanoparticles to aquatic 
organisms has been found to cause genotoxic, 
cytotoxic effects and get accumulated on aquatic 
organisms which may enter to human body 
through food chain.

16.5  Toxicity Mechanisms 
of Nanoparticles

The mechanism of nanoparticles to cause toxicity 
in a biological system is quite uncomplicated. In 
general, the nanoparticles upon any physico-
chemical reactivity generate the highly reactive 

oxygen species (ROS) or free radicals directly or 
indirectly through oxidative enzymatic pathways 
that ultimately results in the oxidative stress. The 
free radicals may be superoxide radical anions 
and hydroxyl radicals [40–42]. The flowchart 
showing the behaviour of nanoparticle inside fish 
body to cause toxicity is presented in Fig. 16.2.

The toxic effect of different nanoparticles has 
been studied in several aquatic organisms and 
detailed of same is given below,

16.6  Silver Nanoparticles (AgNPs) 
and Aquatic Organism 
Toxicity

Metallic nanoparticles such as silver, gold, silica, 
etc. exhibit size and shape dependent properties. 
These materials are used for various applications 
like, catalysts, sensor, optics, antibacterial activ-
ity, data storage, drug delivery, etc. [43–45]. 
Exposure to AgNPs has been found to cause 
genotoxic and cytotoxic effects in various organ-
isms. The silver particulates primarily accumu-
late in the liver and brain in mammals. Since 
these nanoparticles are used in commercial prod-
ucts, there is a possibility of reaching them in 
aquatic environment and cause nanotoxicity to 
the aquatic organisms which may enter to human 

Direct
apply

Indirect
apply

NPs uses in
aquaculture
and fisheries

1. Feed
2. Nanovaccines
3. Drug delivery
4. Gene delivery

1. Water filtration and
    remediation

2. Biofilm and fouling control
3. Pond and cage Disinfection

4. Packing
5. Barcoding and Tagging

Fig. 16.1 Uses of 
nanomaterial’s for 
different application in 
fisheries and aquaculture
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body through food chain. These AgNPs can cross 
the egg membrane and move into fish embryo in 
less than a day [26, 46]. Therefore, toxicity stud-
ies should be carried out for the benefit of human 
health and aquatic species.

Nanoparticles of noble metals such as silver 
exhibited considerably different physical, chemi-
cal and biological properties from their bulk 
counterparts [47]. AgNPs have distinctive 
physico-chemical properties, including a high 
electrical and thermal conductivity, surface- 
enhanced Raman scattering, chemical stability, 
catalytic activity and non-linear optical behav-
iour [48, 49]. AgNPs are one of the fastest grow-
ing products in the nanotechnology industry due 
to its antimicrobial activity [50]. This increased 
the number of medical applications of AgNPs. 
Some of the products which are already accessi-
ble in the commercial market include wound 
dressings, contraceptive devices, surgical instru-
ments and bone prostheses [35, 51, 52]. Apart 
from these, AgNPs are being used for water puri-

fication and indoor air quality management [53–
55]. Silver is normally found in surface waters 
originated from natural leaching, mining and the 
photographic industry [56]. It is present in water 
at nanogram level [57]. Silver is considered 
 relatively harmless to humans. A report pub-
lished by World Health Organization (WHO) 
mentioned that the estimated acute lethal dose of 
silver nitrate is at least 10 g (WHO). In fact; bac-
tericidal properties of silver have been utilized by 
certain groups to commercialize colloidal silver 
suspensions as ‘health supplements’.

Use of AgNPs-containing products are likely 
to increase the amount of dissolved silver in 
water and its releases into the environment [58–
60] which are likely to persist and bioaccumu-
late. This may be a matter of concern and needs 
to address by assessing its toxicity on the exposed 
organisms as well as on the ecosystems. Prior to 
the application of nanoparticles, the silver ion 
(Ag+ (aq)) was considered as the most toxic form 
of silver in water [61]. The chemistry of the 

DNA damage
Cellular and
tissue damage

Enzymatic oxidation

Different type of nanoparticles

Oxidative
stress

ROS

Fig. 16.2 Flowchart 
showing mechanism of 
toxicity of nanoparticles
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neighbouring environment affects the connota-
tion of silver ions with various ligands, in turn 
influencing bioavailability and toxicity [62–64]. 
Fabrega et al. [46] reviewed the existing knowl-
edge on AgNPs as a potential problem for envi-
ronmental health, considering the characteristics, 
behaviour, bioavailability and biological effects 
of AgNPs in aqueous suspensions. Levard et al. 
[65] revealed the major transformation processes 
of AgNPs in aqueous environments. 
Transformations of the metallic Ag cores pro-
duced by reactions with organic ligands, and the 
effects of such transformations on physical, 
chemical stability and toxicity of AgNPs. 
Modelling approaches helps in predicting the life 
cycle of AgNP-containing products in the envi-
ronment. It will also help in assessing release and 
accumulation of Ag compounds in the environ-
ment at different concentrations. One model has 
been developed by Dale et al. [66] to understand 
the complex chemical transformations of AgNPs 
in surface waters or sediments. The model 
assumes that AgNPs mix with the sediment at 
approximately the equal rate as the sediment par-
ticles themselves. As AgNPs are mostly expected 
to heteroaggregate with sediments in natural 
environments Quik, et al., [67], the model’s 
assumption holds well. The AgNPs may be dis-
charged to the environment at different stages of 
handling the nanoparticle which include, during 
synthesis, manufacturing and incorporation of 
the NPs into goods, usage of goods containing 
NPs and while recycling or during disposal of 
goods [68]. When risk assessment is conducted 
detailed information about the exposure and sub-
sequent bioaccumulation of the particle need to 
be taken care of, since these are the precursors of 
toxicity of xenobiotics [69]. Bioaccumulation is 
an important process to understand when evaluat-
ing hazards and risks from AgNPs. Factors which 
govern the bioavailability and bioaccumulation 
of AgNPs as given by Luoma and Rainbow [70] 
are -

 1. Concentration of the AgNPs
 2. The nature of the nanoparticle
 3. The nature of the environment
 4. The route of exposure, and

 5. The biology and functional ecology of the 
organism involved

Silver ions are mostly responsible for causing 
toxicity in the environment. Several researchers 
have worked on Ag ion toxicity in vivo in fresh-
water fish species [71, 72]. The LC10 value was 
reported as low as 0.8 μg L−1 for certain freshwa-
ter fish species [73]. At higher concentrations 
(μm), physiological changes such as blood acido-
sis which ultimately led to circulatory collapse 
and death were reported in trout and fathead min-
nows [74, 75] utilized silver as model metal to 
understand the effect of temperature and com-
plexing agents such as thiosulphate on metal 
uptake of fish (rainbow trout, Oncorhynchus 
mykiss). Wood et al. [71] found an accumulation 
of silver in gills, liver and kidney when applied in 
higher concentration, in rainbow trout 
(Oncorhynchus mykiss).

AgNPs of 10–80 nm affect early life stage 
development that includes spinal cord deformi-
ties, cardiac arrhythmia and survival in zebrafish 
[76, 77]. AgNPs also accumulate in the gills and 
liver tissue affecting the ability of fish to cope 
with low oxygen levels and inducing oxidative 
stress [21]. However, the threshold at which such 
consequences occur is variable among these 
experiments, even for the same species. Such 
variability may reflect differences in choices of 
experimental conditions or alterations in particle 
behaviour or character that were vague. In gen-
eral, juvenile zebrafish and Japanese medaka 
have shown to be more susceptible to AgNPs 
than to equal mass concentrations of AgNO3, due 
to increase in free ion Ag concentrations for the 
latter [46].

In Eurasian perch (Perca fluviatilis) AgNPs 
and silver nitrate at different concentration 
caused respiratory problem by affecting the gills 
externally, reducing the diffusion conductance 
which then led to internal hypoxia during low 
water oxygen tensions [21]. Laban et al. [26] 
studied the effect of silver nanoparticles at differ-
ent level in fathead minnows (Pimephales prome-
las) embryos. They noticed that uptake of AgNPs 
into the embryos was observed after 24 h causing 
larval abnormalities like edema. Toxicity study of 
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silver nanoparticles on embryonic development 
of oysters, Crassostrea virginica revealed adverse 
effects on embryonic development on both adult 
and embryos [78]. AgNPs induced a variety of 
morphological malformations like edema, spinal 
abnormalities, finfold abnormalities, heart mal-
formations and eye defect in Japanese medaka 
(Oryzias latipes) at early life stages [79]. Silver 
nanoparticles showed reduction in membrane 
integrity and cellular metabolic activity on rain-
bow trout (Onchorhyncus mykiss) [80]. They also 
reported that in this species effect of AgNPs at 
different concentration was mostly on gills. 
Cytotoxic effects were seen and silver were taken 
into the cells and found in epithelial layer [80]. 
Uptake of silver particles from the water was 
found to be more in gills and liver in rainbow 
trout [77]. AgNPs at different concentration 
induced neurotoxicant in larvae of zebrafish 
(Danio rerio) that causes persistent neurobehav-
ioral effects [25]. Again, Choi et al. [81] observed 
the hepatotoxicity of AgNPs in zebrafish it was 
also responsible to cause oxidative stress and 
apoptosis. Increased mortality was concomi-
tantly observed in zebrafish with the exposure to 
AgNPs [82]. The increased rate of operculum 
movement and surface respiration in zebrafish 
during the exposure was found in the above study 
suggesting respiratory toxicity. The study dem-
onstrated that AgNPs are lethal to zebrafish.

A study conducted at Purdue University 
unveiled AgNPs suspended in solution is toxic 
and even lethal to the fathead minnows- an organ-
ism often used to test the effects of toxicity on 
aquatic life. These AgNPs are so small they can 
cross the egg membranes and move into the fish 
embryos in less than a day [26]. Rayner et al. [83] 
examined the effect of silver ion and silver 
nanoparticles in a worm (Nereis virens), in which 
overall deformities and accumulation of nano and 
ionic Ag in organelles and the enzymes were 
noticed. It was found that AgNPs cause endo-
plasmic reticulum stress signalling and induce 
apoptosis in human cell lines. The works showed 
that, AgNPs induce apoptosis, mediated by the 
ER stress-signaling pathway [84]. Rajkumar 
et al. [22] exposed to 5, 10, 25, 50 and 100 mg/kg 
of AgNPs in rohu (Labeo rohita) and the results 

unveiled after 7d of exposure to AgNPs, hemato-
logical parameters significantly reduced in com-
parison to control group. Antioxidant enzymes 
significantly upregulated in the AgNPs treated 
fish tissues like gill, liver and muscle when com-
pared with control tissues. Histopathological 
examination of these tissues exhibited that differ-
ent lesions were arosed in different concentration 
of AgNPs. Recently Sharma et al. [23] revealed 
AgNPs of different concentration in the liver of 
Labeo rohita led vacuolar degeneration and hepa-
tocytic degeneration (Fig. 16.3). Also, the high 
accumulation of Ag-NPs were detected that 
showed both time and dose-dependent 
relationships.

The general mechanism of AgNPs to cause 
toxicity in animals depends on its transformation 
process in biological and environmental media, 
the release of silver ions, the surface oxidative 
power and its interaction with biological macro-
molecules like Nucleic acids, proteins, lipids etc. 
[85, 86]. Nanosilver can cause toxicity by activa-
tion of signalling pathways through interaction 
with membrane proteins, by entering into the cell 
directly through diffusion or endocytosis to dam-
age the mitochondrial and generate ROS that 
damages the DNA, protein etc. and in the cell and 
bring the cell to death by necrosis and apoptosis 
[87, 88]. In zebrafish the toxic effects of AgNPs 
were explained with the same mechanism [89].

16.7  Gold Nanoparticles (AuNPs) 
and Aquatic Organism 
Toxicity

Metal nanoparticles such as gold are excellent 
candidates for bioconjugation with biological 
substances [90]. Many researchers have shown 
that biologically active substance with amine 
function can bind strongly with gold nanoparti-
cles [91]. The tenable shape and size dependent 
optical properties of AuNPs have been exploited 
in various surface coating and biomedical appli-
cation [92]. They are biocompatible and bind 
readily to a large range of biomolecules such as 
amino acids, protein/enzymes and DNA and 
expose large surface areas for immobilization of 
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such biomolecules [93]. The ability to modulate 
the surface chemistry of gold nanoparticles by 
binding suitable ligand has important application 
in many areas such as novel organic reaction, 
sensors (both inorganic and biological entities), 
drug/DNA delivery. However, various scientific 
literature has revealed AuNPs are toxic on aquatic 
biota and may induce cellular toxicity via differ-
ent mechanisms such as oxidative stress, the dis-
ruption of cell membranes, inflammation, and 
DNA damage [94–96]. Asharani et al. [28] evalu-
ated and compare the effect of silver, gold and 
platinum NPs on developing zebrafish embryos. 
Their results unveiled AgNPs in concentration 
dependent manner caused an increase in mortal-
ity rate and phenotypic changes as well as both 

AgNPs and platinum NPs induced hatching 
delay. In contrast, AuNPs did not show any sign 
of toxicity. Blue mussel (Mytilus edulis) were 
exposed to 750 ppm of Au-citrate NPs, after 24 h 
exposure, heamolymph surge and catalase activ-
ity, ubiquitination and caronylation reduced in 
digestive gland, gill and mantle cavity [97]. 
Garcia-Negrete et al. [98] on bivalve (Ruditapes 
philippinarum) concluded that AuNPs 
(21.5 ± 2.9 nm citrate-capped; 6–30 mg/L) accu-
mulate more readily in digestive gland heteroly-
sosomes (plateauing after 12 h), whilst 
accumulation of ionic Au was more in the gills. 
Truong et al. [96] revealed the toxic effects of 
AuNPs coated with three different functional 
groups (positively charged, negatively charged 

Fig. 16.3 Histopathology examination of fish liver 
treated with different concentration of silver nanoparti-
cles. Section a (100 μg/l): Normal looking hepatic cells 
(No-Observed-Effect Level). Section b (200 μg/l): Diffuse 
degeneration and necrotic changes in hepatocytes 
(No-Observed-Adverse-Effect Level). Section c 
(400 μg/l): Swelling of hepatocytes with engorgement of 

sinusoids (No-Observed-Adverse-Effect Level). Section d 
(800 μg/l): Centrilobular and periportal congestion of 
sinusoids, and diffuse hepatic necrosis (Observed- 
Adverse- Effect Level). Scale bars = 100 μm (Permission 
have been taken from Sharma et al. [23] for publishing 
above figure)
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and neutral) using zebrafish. They found AuNPs 
functionalized with positively or negatively 
charged coatings cause toxic effects, however 
AuNPs functionalized with a neutral coating did 
not reveal any effect, verifying that coating chem-
istry plays an important role in AuNP toxicity. 
Bar-Ilan et al. [99] verified that zebrafish embryo 
toxicity depends more on its surface chemical 
composition instead than on particle size. This 
suggests that surface functionalization or coat-
ings of AuNPs has a vast impact on the toxicity of 
nanomaterials on aquatic organism. Together, the 
previous studies confirm that size and coating 
chemistry of AuNPs are vital factors to under-
stand AuNP toxicity, but on the other hand parti-
cle characteristics like aggregation or particles 
shape size, may also play an important role in 
toxicity. Generally, AuNPs toxicity is lower than 
that of AgNPs for aquatic animals [100].

16.8  Quantum Dots (QDS) 
and Aquatic Organism 
Toxicity

Quantum dots are very tiny particles of a semi-
conducting material with only several nanome-
tres in size. These particles show unique 
electronic properties, due to high surface-to- 
volume ratio of these particles [101, 102]. 
Generally, QDS are made of binary compounds 
such as cadmium selenide, lead sulfide, lead sel-
enide, cadmium sulfide, indium arsenide and 
indium phosphide. QDS, have been used in elec-
tronic bio-imaging, bio-sensing, water quality 
monitoring and inkjet printing and spin-coating 
[103, 104]. However, there are various reports 
which confirm toxicity of QDS in aquatic organ-
ism [105, 106]. Guo et al. [107] reported toxicity 
of Graphene quantum dots in zebrafish embryo. 
The results indicate as exposure concentration of 
Graphene quantum dots increased, the hatching 
and heart rate decreased, which lead an increase 
in mortality rate. High concentration exposure of 
Graphene quantum dots (200 μg/mL) resulted in 
various embryonic deformities comprising peri-
cardial edema, vitelline cyst, bent spine, and bent 
tail. In rainbow trout, the total metallothionein 

and lipid peroxidation increase on exposure to 
2 μg/L of QDS after 48 h [38]. Lewinski et al. 
[106] exposed QDS to A. franciscana and D. 
magna for 24 h with concentration of 0.6 mg/L 
and the organisms were fed to adult and juvenile 
zebrafish for 21 days. The results revealed no 
mortality was recorded after exposure, but the 
accumulation efficiency was 8% and 4% for adult 
and juvenile zebrafish, respectively. Kim et al. 
[108] use different light conditions on QDS LC50 
on D. magna, they indicated that after 48 h expo-
sure, toxicity increased by changing the light 
condition from dark to white fluorescence to 
UV-B light, and to natural sunlight. In another 
study toxicity of quantum dots and cadmium 
were assessed in early ontogenesis of rainbow 
trout (Oncorhynchus mykiss). In this research 
Cibulskaite et al. [109] reported short-term expo-
sure (upto 96-h) of sublethal concentrations of 
QDS and cadmium increased mortality of 
embryos and larvae, distressed function of the 
gill ventilation frequency, heart rate and affected 
behavioural res0ponse in fish larvae. The results 
concluded that the toxic effects of QDS and cad-
mium on rainbow trout larvae depended on the 
type of chemical substance used, stage of devel-
opment and exposure time. Comparative studies 
of the effects of QDS and cadmium on rainbow 
trout in embryological development stages 
revealed that larvae were more sensitive to cad-
mium and QDS as compared to embryos. Gagne 
et al. [39] studied toxicity of cadmium telluride 
quantum dots in vitro of rainbow trout hepato-
cytes. QDS were found to be lethal to fish hepa-
tocytes at a concentration of 0.1 mg/l and QDS 
increased the levels of metallothioneins, labile 
zinc, DNA strand breaks and heat shock proteins. 
In another comparative study on two bivalves 
(Mytilus edulis and Elliptio complanata) and a 
fish (Oncorhynchus mykiss) with capped cad-
mium sulphide/cadmium telluride quantum dots 
concentration and size dependent toxicity was 
determined. Large cadmium sulphide/cadmium 
telluride quantum dot aggregates (25 nm < size 
<100 nm) reduced phagocytosis more than 
smaller nanoparticles (<25 nm).

The mechanism of toxicity QDS in aquatic 
organisms can be correlated with the higher ani-
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mals that are explained by two ways, (i) existence 
of Cd+2 in QDS cause toxicity by interfaring with 
DNA repair mechanism and acts as a substitution 
for physiologic zinc in the body and (ii) QDS 
containing CdSe and CdTe upon photoactivation 
leads to their oxidation and generates an excited 
electron that is transferred to molecular oxygen 
and its reaction with biological molecule produce 
free radicles [110, 111].

All the above studied related with toxicity of 
QDS on aquatic organisms can be conclude with 
statement higher concentration of QDS cause 
oxidative stress, stress-related gene expression 
and bioaccumulation in different aquatic species 
and further more research is needed to study 
effect of QDS on aquatic organism.

16.9  Other Metallic Nanoparticles 
(Iron, Copper and Zinc 
Oxides) and Aquatic 
Organism

Iron nanoparticles are highly reactive due to their 
large surface area. In the existence of oxygen and 
water, they quickly oxidize to form free iron ions. 
They are widely used in biomedical applications, 
such as drug delivery, cellular labelling, tissue 
repair, in vitro bio separation, hyperthermia and 
for remediation of industrial sites contaminated 
with water pollution [32, 112] Various studies 
have been carried out on ecological effects of 
iron oxide nanoparticles (FeNPS) on aquatic 
organisms. Zhu et al. [33] reported greater than 
10 mg/L of FeNPS cause developmental toxicity 
in zebrafish embryo causing mortality, hatching 
delay and malformation. In medaka (Oryzias 
latipes) after exposed to lethal and sub-lethal 
concentration FeNPS caused significant mortal-
ity and result further revealed coating NPs with 
carboxymethyl cellulose had less toxicity in 
comparison to uncoated NPs [32]. In another 
study, iron oxide nanoparticles were prepared 
using biosynthesis method and its haematologi-
cal effects on Oreochromis mossambicus was 
carried out. The results indicated that after 96 h 
exposure of Oreochromis mossambicus, haema-
tological (RBC, WBC, Hb, HCT) and biochemi-

cal parameters (SGOT, SGPT) significantly 
changed in treated groups than control [34]. 
Remya et al. [113] examined the chronic toxicity 
effects FeNPS of (500 mg l−l) on certain hemato-
logical, ionic regulatory and gill Na+/K+ ATPase 
activity of an Indian major carps (Labeo rohita) 
for a period of 25 days. A significant upsurge in 
hemoglobin (Hb) content, red blood cell (RBC) 
count and hematocrit (Ht) value was observed 
throughout the period of study when compared to 
control groups. On the other hand, mean cellular 
volume, mean cellular hemoglobin (except on 
5th day), mean cellular hemoglobin concentra-
tion levels and white blood cell (WBC) counts 
were found to be declined. FeNPS also caused 
alterations in iono regulation resulting in hypona-
tremia (Na+), hypochloremia (Cl−) (except on 5th 
day) and hypokalemia (K+) (except up to 15th 
day). Overall results validate that high FeNPS 
concentrations in the aquatic environment may 
have adverse physiological effects on fish. 
However more research is needed to determine 
safe concentration and exposure method for 
determining toxicity of FeNPS in aquatic 
organism.

Like many other forms of NPs, copper 
nanoparticles (CuoP) can be prepared through 
natural or chemical synthesis. CuoP are of inter-
est due to their historical application as colouring 
agents and their bactericide and excellent thermal 
conductivity [114]. There are fewer studies on 
CuoP toxicity on aquatic organism. Song et al. 
[115] studied acute toxicity of spherical 50 nm 
CuoP in juvenile rainbow trout, fathead minnow 
(Pimephales promelas) and zebrafish. After 
exposure of 96 h LC50 of the CuoP were 
0.68 ± 0.15, 0.28 ± 0.04 and 0.22 ± 0.08 mg Cu/L 
for rainbow trout, fathead minnow and zebrafish, 
respectively. Furthermore, their results revealed 
soluble copper was one of main component for 
the acute toxicity of the copper nanoparticles sus-
pensions. Both CuoP suspension and copper 
nitrate harmed the gill filaments and gill pave-
ment cells, with alterations in sensitivity for these 
effects between the fish species. In another report, 
juvenile of orange-spotted grouper (Epinephelus 
coioides) were exposed to 20 or 100 μg Cu L−1 as 
either copper sulphate (CuSO4) or CuoP for 
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25 days and growth performance reduced with 
increasing CuSO4 or CuoP dose, more so in the 
CuSO4 than CuoP treatment. Further, both forms 
of copper exposure suppressed activities of diges-
tive enzymes (protease, amylase, and lipase) 
found in liver, stomach, and intestine in fish. 
Overall results of this study unveiled CuoP had a 
parallel type of toxic effects as CuSO4, but solu-
ble copper was more toxic than CuoP. Zhao et al. 
[116] assess the effect of lethal and sub-lethal 
concentration of CuoP in common carp (Cyprinus 
carpio). They indicated that after 4 days expo-
sure, no toxic effects were detected but after 
30 days disclosure to sub-lethal concentration, 
growth reduced and copper accumulation fol-
lowed an order: intestine > gill > muscle > skin > 
liver > brain.

Zinc oxide nanoparticles (ZNPs) have been 
used in a board range of commercial processes 
and in industrial products in recent years such as, 
optoelectronics, cosmetics, catalysts, ceramics, 
glass, cement, rubber, paints pigments [117] and 
in aquaculture [118]. Like most of the nanoparti-
cles ZNPs toxicological studies showed that 
ZNPs had adverse effects on aquatic environmen-
tal species. Abdel-Khalek et al. [119] evaluate 
and compare between the possible ecotoxicologi-
cal effects of zinc bulk particles and ZNPs on 
Nile tilapia (O. niloticus). Fish exposed to zinc 
bulk particles and ZNPs aroused a major decline 
in total lipids, total protein and globulin contents, 
concurring with an augmentation in serum glu-
cose, albumin, creatinine and uric acid concen-
trations, as well as activities of liver enzymes. 
Additionally, ZNPs significantly casued an 
upsurge in liver and gills glutathioneperoxidase 
(GPx), catalase (CAT), superoxide dismutase 
(SOD) activities and malondialdehyde (MDA) 
levels. At the end of this study it was concluded 
ZNPs have more toxic impacts than the zinc bulk 
particles. Hao et al. [29] demonstrated in a study 
on juvenile of common carp (C. carpio) exposed 
to ZNPs and results revealed that after 30 days 
exposure, severe histopathological alteration was 
observed and intracellular oxidative stress 
induced in response to ZNPs.

All the above studies unveiled that metallic 
nanoparticles cause effect on embryo develop-

ment, oxidative stress and bioaccumulation 
which may depend on exposure time and differ-
ent concentration or dose. Hence more studies 
are required to determine safe concentration or 
dose and exposure method or time before using 
for aquaculture activity.

16.10  Polymeric Nanoparticles 
(Chitosan, Poly (Lactic-co- 
glycolic Acid) Alginate)

Several different polymers both natural and syn-
thetic have been utilized in formulating biode-
gradable nanoparticles [120]. Of these polymers, 
chitosan, poly (lactide-coglycolide) (PLGA) and 
alginate and have been the most extensively 
explored for drug delivery [121, 122].

Chitosan is a natural cationic biopolymer 
derived from hydrolysis of chitin. It can be 
obtained from natural sources, namely crab and 
shrimp shell wastes. Chitosan has been widely 
used in pharmaceutical and medical areas, due to 
its favourable biological properties such as bio-
degradability, biocompatibility, low toxicity, 
hemostatic, bacteriostatic, fungistatic, anti- 
cancerogenic properties [123–125]. Nanoparticles 
of chitosan has been extensively examined for its 
potential in the development of the controlled 
release drug delivery system like peptides, pro-
tein antigens, oligonucleotides and genes in 
aquatic animals [121, 126, 127]. However there 
are some reports that show chitosan nanoparticles 
possess potential risks to aquatic animal and 
environment Hu et al. [17] revealed chitosan 
nanoparticles caused 100% mortality in zebrafish 
embryos when exposed with 40 mg/L of 200 nm 
size chitosan nanoparticles. However, there is 
little information available regarding toxicity of 
chitosan nanoparticles in aquatic animals.

Poly lactic-co-glycolic acid (PLGA) has been 
among the most attractive polymer for drug 
delivery and tissue engineering in the last few 
decades [128]. PLGA is produced by co- 
polymerization of two diverse monomers, the 
cyclic dimers (1, 4-dioxane-2,5-diones) of gly-
colic acid and lactic acid. PLGA is mostly used 
polymer because it is biodegradable and biocom-
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patibe and can be easily hydrolyed to monomers, 
lactic acid, and glycolic acid. In aquafarming 
PLGA have been mainly used for drug and vac-
cine delivery. It is easily removed from the body 
through the Kreb cycle and due to this reason, 
there is minimal toxicity related with the use of 
PLGA as a nanodelivery system in animals [129].

Alginate is a natural polysaccharide product 
derived from brown seaweed like Macrocystis 
pyrifera and Laminaria. Alginate is widely used 
in food industry and pharmaceutical for human 
and animal as a thickener, emulsifier and stabi-
lizer agent [130, 131]. Calcium and sodium algi-
nate have been used for oral delivery of protein, 
vaccines as well probiotics in aquaculture [132].

Information about toxicity of polymeric 
nanoparticles in aquatic organism is scanty. 
Typical inorganic nanoparticles as confirmed by 
various previous studies are more toxic than the 
polymeric nanoparticles. Therefore, more studies 
are required to determine toxicity of polymeric 
nanoparticles before using different aquaculture 
practise.

16.11  Genotoxicity of Aquatic 
Animals with References 
to Different Nanoparticles

Genotoxicity or Genetic toxicology is the study 
of interaction of DNA-damaging agents with the 
cells genetic material in relation to subsequent 
effects on the health of the organism [133]. The 
chemical which can induce mutations or so called 
indicator effects (for example, induction of DNA 
modifications, DNA repair, or recombination) is 
called as genotoxins or genotoxic chemical [134]. 
Ecogenotoxicology (genetic ecotoxicology) is an 
approach that applies the principles and tech-
niques of genetic toxicology to evaluate the pos-
sible effects of environmental pollution in the 
form of genotoxic agents on the health of the eco-
system [135]. Genotoxicity assays address differ-
ent interactions between agents and the DNA. A 
wide variety of prokaryotic and eukaryotic geno-
toxicity assays has been developed so far. Wurgler 
and Kramers [136] explained that genotoxic 
chemicals can damage the genetic material of 

humans and other organisms living in the envi-
ronment. Genotoxicity on organisms may result 
gamete loss, decrease in reproductive perfor-
mance, abnormal development and embryo mor-
tality, lethal mutations as well as increased or 
decreased genetic diversity [137, 138]. It also 
induces alterations in the germ line which in turn 
alters the genetic make-up of populations. 
Changes in the genetic constitution may cause (i) 
the induction of (pesticide) resistance, (ii) the 
enhanced virulence of pathogens, (iii) changes of 
host ranges of pathogenic forms or the appear-
ance of new virus types and (iv) subtle changes in 
parasite—host or predator—prey relationships. 
Structural changes to the integrity of DNA caused 
by genotoxic agents are useful endpoints for 
assessing exposure to hazardous environmental 
pollutants on human health and biota [139, 140].

To assess the toxicity in aquatic environment, 
invertebrate models are used [141, 142]. Dixon 
et al. [143] gave a review about the genotoxicty 
assessment in marine higher vertebrates. Current 
awareness of the potential hazards of pollutants 
in the aquatic environment has caused much 
attention in the use of fish as indicators for moni-
toring carcinogens, teratogens, clastogens, and 
mutagens [144]. Different genotoxicity tests and 
their applications to environmental monitoring 
and assessment have been reported in fish by 
various authors [145–147]. Shugart and 
Theodorakis [140] examined DNA for structural 
modifications indicating damage caused by a 
genotoxic agent (adduct, strand breakage, and 
photoproduct) in whales, turtle and sunfish. 
Exposure to DNA damaging agents may result in 
the formation of carcinogen-DNA adducts, which 
are possible indicators for carcinogens and have 
been detected in mussels [148] and fish [149, 
150]. Different fishes and shellfishes have been 
studied for monitoring pollution in water in 
developing countries [151, 152]. De Flora et al. 
[153] studied the effect of genotoxins in the river 
water in the early stage of rainbow trout 
(Oncorhynchus mykiss). Two fresh water fish 
species (Astyanax bimaculatus and Hoplias mal-
abaricus) have been used as bioindicators to 
study the effect of mutagenic pollutants from 
river water [152].
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Many studies were carried out to assess the 
genotoxicity of nanoparticle by comet assay due 
to increase in uses of nanoparticles. Comet assay 
has been used for evaluation of the genotoxicity 
of some nanoparticles included in drug delivery 
systems such as single-walled carbon nanotubes 
(SWCNT), C60 fullerenes, titanium dioxide 
(TiO2), carbon black particles, etc. [154, 155]. 
Reeves et al. [156] found cytotoxic and geno-
toxic effects of TiO2 nanoparticles on goldfish 
skin cells (GFSk-S1) at 10 and 100 μg/ml. DNA 
damage in freshwater crustacean Daphnia 
magna was reported when treated with silver 
nanoparticles at 1 μg/l and silver nitrate at 
1.5 μg/l [157]. Flower et al., [158] recorded 
DNA damage in human peripheral blood cells 
due to silver nanoparticles of 50 and 100 μg/
mL. Silva et al. [159] studied the genotoxic 
effect of wild rodents (Ctenomys torquatus, 
“tuco-tuco”) from a region close to a strip coal 
mine, where they have found the wild rodent 
having more DNA damage than the other 
rodents. When Mytilus edulis which is an impor-
tant pollution indicator organism, were exposed 
to Hydrogen peroxide and N nitrosodimethyl-
amine (NDMA), it induced DNA damage in gill 
cells [160]. In several other molluscs, such as, 
Patunopecten yessoensis and Tapes japonica 
[161] Oyster (Crassostrea virginica) [162] DNA 
damage have been studied in gill cells and hae-
mocytes when exposed chemicals. In fishes, 
such as, Flounder (Pleuronectes americanus) 
[162] when exposed to hydrogen peroxide at 
concentration range 5–500 μM found DNA dam-
age in red blood cells. Nwani et al. [163] exam-
ined DNA damage in freshwater fish Channa 
punctatus when treated with carbosulfan in 
erythrocytes and gill cells in vivo. Ferraro et al. 
[164] examined significant increase of tailed 
nucleoids in the erythrocytes of fish (Hoplias 
malabaricus) when treated with inorganic lead 
(PbII) and tributyltin (TBT). Matsumoto et al. 
[165] found DNA damage in erythrocytes of 
Tilapia (Oreochromis niloticus) due to chro-
mium. In our previous report genotoxic effects 
of the AgNPS in the fish liver tissue using sin-

gle-cell gel electrophoresis revealed DNA dam-
age on exposure to concentrations of 400 and 
800 μg/l as given in Fig. 16.3.

16.12  Molecular Response 
of Stress-Related Gene 
with Respect to Different 
Nanoparticles

Along with the cytotoxic and genotoxic assess-
ment methods, gene expression analysis has also 
been increasingly used in aquatic ecotoxicology, 
as it offers high sensitivity and mechanistic val-
ues in the diagnosis of environmental contamina-
tion [166]. Several studies have been carried out 
to understand the responses to chemical stressors 
at the molecular level in aquatic invertebrates 
[157]. Liu et al. [167] studied the stress gene 
expression in mice when treated with inorganic 
arsenicals. Arsenic-induced stress proteins such 
as HO-1, HSP70, HSP90, metallothionein, the 
metal responsive transcription factor MTF-1, 
nuclear factor kappa B and c-Jun/AP-1. Fujita 
et al. [168] studied gene expression profiling of 
the rat lung after whole-body inhalation exposure 
to C60 fullerene (0.12 mg/m3; 4.1 × 104 particles/
cm3, 96 nm diameter). It revealed that few genes 
involved in the inflammatory response, oxidative 
stress, apoptosis and metalloendopeptidase activ-
ity were up-regulated at both 3 days and 1 month 
post-exposure. Cerium oxide nanoparticles with 
different sizes when exposed to human lung epi-
thelial cells (BEAS-2B) led to cell death, ROS 
increase, GSH decrease and the inductions of 
oxidative stress-related genes such as 
 hemeoxygenase- 1, catalase, glutathione 
S-transferase, and thioredoxin reductase [169]. 
Nair et al. [170] studied the toxicity effect of sil-
ver nanoparticles in aquatic midge, Chironomus 
riparius where alteration in gene expression was 
reported, where they observed that AgNPs could 
modulate the ecdysone nuclear receptor and have 
significant implications in different developmen-
tal stages in C. riparius. Oxide nanoparticles of 
around 100 nm size, namely, mesoporous silica 
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(MCM- 41), iron oxide (Fe2O3-NPs), and zinc 
oxide (ZnO-NPs), was evaluated in the human 
embryonic kidney cell line HEK293, which 
showed cytoxic effect and identified a number of 
up- and down-regulated genes that were found to 
be associated with inflammation, stress, and the 
cell death and defense response [171].

Various stress related genes such as Heat 
shock protein (hsp 70), cytochrome p450 
1A(cyp1a), cyp3a45, Glutathione peroxidase 
(gpx), the metallothionein (MT), glutathione S 
transferase (GST), p53, transferrin (TF) genes, 
etc. are involved on exposure to a toxic particle. 
Metallothionein (MT), Transferrin and 
Glutathione peroxidise has found to expressed in 
gill and liver tissue of zebrafish, rainbow trout, 
medaka, etc. leading to oxidative stress and apop-
tisis due to nanoparticles exposure [23, 77].

Metallothionein is a biomarker often used as 
an indicator of metal exposure since it is highly 
specific and sensitive to metals and is induced in 
response to elevated metal concentrations in tis-
sues or living cells [172]. Many researchers 
described the up-regulation of the MT gene when 
exposed to AgNPs [23, 38]. They recommended 
that MT being a metal-binding protein plays a 
major role in silver metabolism and detoxifica-
tion of AgNPs by binding to Ag+ ions. Choi et al. 
[81] studied that the metal-sensitive metallothio-
nein 2 (MT2) mRNA induced in the liver tissues 
of AgNP-treated zebrafish.

HSP70s, a class of molecular chaperones, is 
often associated with cellular response to harm-
ful stress or to adverse life conditions. Due to the 
high conservation, these proteins have been used 
extensively to monitor the impact of environmen-
tal factors on various species [39]. Chae et al. 
[173] observed down regulation of HSP 70 genes 
in liver tissue of medaka fish when exposed to 
silver nanoparticles. Similar results were obtained 
by Scown et al. [77] who reported the inhibition 
of HSP70 genes when rainbow trout are exposed 
to silver nanoparticles of different sizes. They 
suggested that release of Ag+ ion leads to toxic-
ity in fishes.

Transferrin (TRF) is a blood plasma protein 
which plays an essential function in the transport 
of iron through the blood to the liver, spleen and 

bone marrow. TRF is regarded as an immune sys-
tem-related gene as iron metabolism is vital for 
cell proliferation and is associated with the innate 
immune system. The binding of iron to the regula-
tory regions of TF inhibits the gene expression 
[174]. Chae et al. [173] examined that the mRNA 
level of the TRF gene in medaka fish was dramati-
cally lower in the liver when exposed to Ag-NPs. 
These findings suggest that TRF expression is con-
trolled by the amount of iron required for the cell 
to maintain its metabolism. TRF protein is involved 
in detoxification of Ag+ ions, whereas silver 
nanoparticles with their high surface areas and sur-
face free energies, might affect the protein synthe-
sis, causing it to malfunction to protect the cells.

Recently Sharma et al. [23] reported down- 
regulation of stress-related genes (MT, HSP and 
TRF) due to the production of free radicals and 
reactive oxygen species when fishes were 
exposed with different concentration of AgNPs. 
In another similar study, on zebrafish, Choi et al. 
[175] reported ZNPs affect genes (aicda, cyb5d1, 
edar, intl2, ogfrl2 and tnfsf13b) linked to inflam-
mation and the immune system, causing in yolk- 
sac edema and pericardia edema in embryonic/
larval developmental stages of zebrafish. The 
toxic effect of some nanoparticles on aquatic 
organisms is presented in Table 16.2.

16.13  Conclusion and Future 
Direction

Despite the wide spread applications of nanopar-
ticles in various fields such as, medical science, 
space science, semiconductor technology, infor-
mation technology, cellular and molecular 
 biology, agriculture and animal science etc., 
numerous reports about side effects of these mate-
rials on biological systems are available which 
need to be addressed. In addition to physicochem-
ical properties, the toxicity of nanomaterials on 
aquatic organisms depends mainly on size of 
nanoparticles and concentration or doses of expo-
sure time. Disclosure to these nanoparticles has 
been found to cause genotoxic and cytotoxic 
effects in various aquatic organisms. Since these 
nanoparticles are used nowadays in commercial 
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products, there is a chance of reaching these 
nanoparticles in aquatic ecosystem and cause 
nanotoxicity to the aquatic organisms which may 
enter to human body through food chain.

Therefore, before using nanoparticles in any 
commercial product, all nanoproducts should be 
evaluated through toxicological studies. These 
toxicological studies will provide baseline for 
protection of both human and aquatic environ-
ment. Even though, many studies have evaluated 
the impact of nanomaterials on aquatic organism, 
however there no authorizing conclusion on their 
related risks. Nevertheless, method for synthesis 
of nanomaterials, doses and concentration of 
nanoparticles, route of exposure, coating material 
and bioaccumulation of nanomaterials in human 
and aquatic organisms need to be carefully con-
sidered and well studies before using nanomate-
rials for any commercial application. Both in vivo 
and in vitro assays should be used for toxicity 
assessment of nanomaterials. Hence more 
research is needed to solve the problems and 
overcome the challenges associated with nanon-
material, their possible impact on aquatic organ-
ism and aquatic ecosystem.
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Abstract

Silver nanoparticles (AgNPs) incorporation in commercial products is 
increasing due to their remarkable physical and chemical properties and 
their low cost on the market. Silver has been known for a long time to be 
highly toxic to bacterial communities, aquatic organisms, and particularly 
to marine biota. Strong chloro-complexes dominate Ag speciation in sea-
water and facilitate its persistence in dissolved form. It has a great impact 
on marine organisms because low concentration of silver can lead to 
strong bioaccumulation, partly because the neutral silver chloro complex 
(AgCl0) is highly bioavailable. Owing to the fact that estuaries and coastal 
areas are considered as the ultimate fate for AgNPs, the study of their toxic 
effects on marine invertebrates can reveal some environmental risks 
related to nanosilver exposure. In an attempt to reach this goal, many 
invertebrate taxa including mollusks, crustaceans, echinoderms and poly-
chaetes have been used as biological models. The main findings related to 
AgNP toxicity and marine invertebrates are summarized hereafter. Some 
cellular mechanisms involving nano-internalization (cellular uptake, dis-
tribution and elimination), DNA damaging, antioxidant cellular defenses 
and protein expression are discussed. Physiological effects on early stage 
development, silver metabolic speciation, immune response, tissue dam-
aging, anti-oxidant effects and nano-depuration are also described. Finally, 
we paid attention to some recent interesting findings using sea urchin 
developmental stages and their cells as models for nanotoxicity investiga-
tion. Cellular and physiological processes characterizing sea urchin devel-
opment revealed new and multiple toxicity mechanisms of both soluble 
and nano forms of silver.
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17.1  Scientific Context

Silver nanoparticles (AgNPs) have been pro-
duced for more than a decade to fulfill a wide 
range of applications in the modern life. Hence, 
they have been incorporated to many consumer 
products such as medical devices, cosmetics, 
food-packaging materials, electronics, and 
household appliances due to their antimicrobial, 
thermal, optical and electrical outstanding fea-
tures [1]. Many questions about their real envi-
ronmental risks have been also raised and 
especially for marine fauna. Several authors 
observed that a substantial part of AgNPs incor-
porated to commercial products are eventually 
released into the sewer system and the wastewa-
ter treatment stations [2–6]. Silver (Ag) is a trace 
metal that can be found in many geological struc-
tures in a native state or combined with other ele-
ments forming oxides, sulfites and salts, and is 
naturally present in freshwater and marine envi-
ronments at very low concentration.

17.1.1  Fate of Silver in Estuarine 
Waters

Dissolved silver has a non-conservative chemical 
behavior in estuaries due to the high reactivity of 
silver ions with counter ions present in seawater 
and also with negatively charged organic ligands 
(as thiol groups) either present on soluble organic 
matter or living cell surface. In freshwater sys-
tem, organic matter and sulfide might dominate 
Ag speciation and reduce its bioavaibility [7], but 
at low salinity, neutral chemical complexes such 
as AgCl (aq) and AgHS (aq) are rather formed 
and slow AgNP dissolution is taking place. With 
an increasing salinity towards the ocean, Ag+ 
availability is changing while silver chloride 
complexes (AgCl0, AgCl2

−, AgCl3
2− and AgCl4

3−) 

and possibly silver-thiol complexes become 
dominant. It turns out that in saltwater, some sol-
uble complexes and Ag+ associated with refrac-
tory organic substances may remain bioavailable, 
but eventually tend to slowly settle down in the 
benthic environment [8].

Estuaries are often close to highly populated 
urban areas, with surface water contamination 
being ubiquitous. So, it has been suggested that 
the growing use of silver nanoparticles might 
increase the concentration of silver in natural 
waters. This appears to be particularly true in 
those areas where sewage treatment is missing or 
when treatment plants are less effective to remove 
Ag from wastewater before discharging in receiv-
ing environment. Even though environmental 
impacts of AgNPs remain unknown under field 
conditions, previous knowledge about environ-
mental fate and toxic effects of dissolved silver 
provides a baseline for risk assessment to aquatic 
organisms [7].

The stratified estuarine water column is clearly 
divided into a warmer upper mixed layer and a 
cooler and saltier lower layer. Between these lay-
ers, there is a thin interface layer, a region of 
rapid changes of temperature and density. It has 
been observed that aggregated AgNPs get mostly 
trapped at the mixing layer due to the density gra-
dient and less than 5% can reach the seawater 
layer [9]. As a result, planktonic organisms living 
in or close by the halocline can be exposed to 
AgNPs. Sea urchin larvae that eventually migrate 
through halocline layer to find rich feeding 
ground is a good example [10]. Eventually, 
AgNPs associated with organic matter will form 
large aggregates (a few μm) and precipitate onto 
surface sediment exposing thus the benthic fauna 
[11]. This scenario is representative of stratified 
estuaries and coastal waters where a significant 
part of marine fauna is often located.
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17.1.2  Occurrence of AgNPs 
in Natural Waters

Several studies have demonstrated that AgNPs 
from many commercial products will eventually 
be released in sewage treatment effluents and 
wastewater [2–6]. In fact, the quantification and 
characterization of Ag released from nanoAg 
products can provide some insights of the effects 
of AgNPs in the environment. As an example, 
fabrics with different methods of silver incorpo-
ration into or onto fibers may release distinct 
amounts of dissolved silver or AgNPs [2]. 
Particulate Ag in influent wastewater can be 
detected at a level of 6.9 ± 5.0 mg.kg−1 whereas 
dissolved Ag could reach up to 0.27 ± 0.11 μg.L−1 
[12]. Up to 90% of the total Ag in wastewater can 
be found bound to particles and a large portion 
(more than 80%) can be efficiently taken out by 
efficient treatment systems, although 20% can be 
directly released into natural waters [12]. In fact, 
the average Ag concentrations currently mea-
sured in natural waters where wastewater treat-
ment plants normally operate can be around 1 ng.
L−1 for soluble Ag and 1.0 mg.kg−1 for particulate 
Ag. So, silver concentrations in wastewater efflu-
ents are higher than those from natural waters 
with a real potential for contamination of rivers 
and estuaries.

Soluble silver in marine waters is an effective 
indicator of anthropogenic inputs considering 
that its chemistry favours a relatively stable dis-
solved form that is easily dispersed [13]. The 
concentration of Ag in open sea has been esti-
mated to be as low as 0.03–0.1 ng.L−1, but an 
increase of 50% has been recently reported in 
some coastal regions (0.14–1.29 ng.L−1) [14, 15]. 
Living in the sea surface microlayer (1–1000 μm 
thick), bacteria, phytoplankton and marine inver-
tebrates in early stages of development normally 
present enrichment factors from 102 to 104, 1 to 
102 and 1 to 10, respectively [16]. Many organic 
and inorganic contaminants as Ag complexes can 
be found at this microlayer sometimes at μg.L−1 
level [17, 18], which could allow a constant 
chemical exposure of both food and feeding 
developing invertebrates. It should also be con-

sidered that dissolved and/or particulate organic 
matter resulting from planktonic activity is a 
major component of the ocean surface micro-
layer [19] and could contribute to stabilize AgNP 
dispersion and optimize its bioavailability.

17.2  Toxicity Effects of AgNPs 
on Marine Invertebrates 
After Short and Chronic 
Exposures

17.2.1  Basic Mechanisms

Toxicity mechanisms of nanomaterials are related 
to their physicochemical properties in the bio-
logical medium [20]. Chemical and physical 
mechanisms are expected to take place at the 
nano-biointerface (as the surface of animal tis-
sues) [21]. Therefore, biochemical processes 
driven by the production of reactive oxygen spe-
cies (ROS), dissolution and release of toxic ions, 
disturbance of the electron/ion cell membrane 
transport activity, oxidative damage through 
catalysis, lipid peroxidation or nano-surfactant 
properties correspond to a significant part of 
nanotoxicity. Physical mechanisms directly 
involving the size and surface properties of 
nanoparticles can lead to structural disruption of 
cell membrane (by formation of nano-holes, 
e.g.), impairment of membrane activity, failure of 
transport processes and modification of protein 
structure and folding [20, 21].

Once internalized by living cells, nanosilver 
can act as a main source of ionic silver. This so- 
called Trojan-horse mechanism seems to oper-
ate in the way that allows H2O2 to react with 
AgNPs to form more free moving Ag inside the 
cells [22]. Thus, the generation of oxidative 
stress by over production of ROS has been sug-
gested as the major event responsible for DNA 
damages, activation of antioxidant enzymes and 
depletion of antioxidant molecules, and binding 
and disabling of proteins. Nonetheless, AgNPs 
also undergo complex and dynamic processes 
inside cells which include internalization and 
accumulation by subcellular compartments, 
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exclusion and degradation inside endo-lyso-
somal vesicles with release of Ag+ ions, and 
chemical reactions of both silver forms with Cl− 
ions and thiol- containing molecules such as cys-
teine and glutathione [23]. Therefore, to 
determine main mechanisms driving nanosilver 
toxicity, it is necessary to assess Ag chemical 
transformation in biological tissues and identify 
which cellular processes are directly involved 
with the physicochemical transformation of 
nanoparticles over time.

Although short-term exposures provide a fast 
response from organisms, long-term exposures 
definitely correspond to a more realistic scenario 
where marine invertebrates would be regularly 
intoxicated by low AgNP concentrations entering 
in the marine environment by intermittent spills. 
It can also clearly reveal which defensive mecha-
nisms would be employed to face a sustained 
stress and, what could be their metabolic costs. 
Long-term in vitro studies have shown that a 
chronic exposure caused by 50 nm-AgNPs 
(400 pg.mL−1) did not induce cytotoxic response 
in human cells, but instead generated an aug-
mented stress response, substantial modification 
to gene regulation and an increased EGF (epider-
mal growing factor) signaling efficiency [24]. 
EGF is a growth factor that stimulates cell 
growth, proliferation and differentiation. 
Different growth factors have also been found in 
marine invertebrates. The detection of growth 
factor of molecules in various tissues means that 
they can be important modulators of wound 
repair, regeneration and immune functions. Yet, 
there is no study about the chronic effects of 
AgNPs on the expression of growth factors in 
marine invertebrates. Thus, if an extended inflam-
matory response caused by nanoAg would be 
harmful for their immune system in long-term 
exposures remains an unresolved question.

17.2.2  Overview of Toxicity Studies

Silver has been shown to be highly harmful to 
marine fauna. Physiological and cellular toxicity 
effects caused by nanoAg and soluble Ag have 

been described for mollusks, echinoderms, crus-
taceans, polychaetes and cnidarians species 
(Table 17.1). Most of the studies have been car-
ried out with mollusks (36%) as biological mod-
els and species of marine invertebrates at adult 
stage (54%). A part of these studies (22%) had 
exclusively echinoderms as models whereas 
17%, 8% and about 3% of the work have been 
using polychaetes, crustaceans and cnidarians, 
respectively. Some other studies have more than 
one zoological group in analysis (14%). Only 
35% of the research efforts have been focusing 
on toxicity mechanisms caused by small AgNPs 
(<15 μm) although they are known to be much 
more toxic for animal cells than larger ones. So 
far, short-term effects corresponded to slightly 
more than one half of the studies. Different 
aspects of nanoAg toxic kinetics such as accumu-
lation, biodistribution, and AgNP speciation have 
been addressed as well as several metabolic 
effects related to nanoAg exposure as develop-
ment impairment, cellular metabolism distur-
bance, immune response failure, tissue damaging 
with abnormal protein expression, DNA damage, 
apoptosis, anti-stress heat shock proteins expres-
sion, short anti-oxidant responses and depuration 
processes [25–43]. Nonetheless, we found a lim-
ited number of studies with cold water marine 
fauna, since most acute exposures have been con-
ducted at ambient temperature (±20 °C) with spe-
cies mostly living in temperate seawater.

17.2.3  Bivalves

Following different short time exposures to 
nanosilver, mollusks seem to show strong Ag 
accumulation and protein levels in their diges-
tive organ, phagocytosis inhibition in hemo-
lymph directly exposed to AgNPs (as for 
Crassostrea virginica within 140 min, e.g.), 
some stimulation of phagocytosis in hemocytes 
of exposed mussels (as for Mytilus galloprovin-
cialis within 24 h time exposure, e.g.), efficient 
depuration processes, sensitivity of gill cells 
with impairment of Na-K- ATPase activity, ROS 
production, anti-oxidant catalase activity, dis-
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ruption of actin cytoskeleton, DNA damage, 
increase of P-glycoprotein (P-gp) mediated mul-
tixenobiotic resistance (MXR) transport activity, 
and developmental abnormalities [25, 26, 28, 31, 
34, 41]. Feeding habits of mollusks might be a 
factor that influences AgNP toxicity as well. 
When exposed to AgNPs over 15 days at ±17 °C, 
Mytilus galloprovincialis can exhibit the typical 
effects related to nanosilver toxicity such as oxi-
dative stress, DNA damage, lipid peroxidation in 
gills, up- and down- regulation of several anti-
oxidant enzymes, down-regulation of stress-
induced heat shock protein 70 (Hsp70) and 
metallothionein activation [44–46]. Differently 
from suspension feeders as Mytilus galloprovin-
cialis, the deposit feeder clam Macoma balthica 
exposed over 35 days did not show any evidence 
of toxicity, nor DNA damage at 15 °C [47]. It 
may be indicative of the efficiency of protective 
mechanisms of M. balthica to cope with toxic 
effects or even a lower uptake rate of nanoparti-
cles amended with sediments. It has been also 
demonstrated that an active threshold avoidance 
response by burrowed M. balthica took place in 
sediments containing the highest metal levels as 
Cu, Pb, Zn, Cr and Ag [48].

17.2.4  Annelids

Polychaetes form another zoological group of 
interest for nanosilver toxicity studies. In this 
case, short term toxicity mechanisms for AgNPs 
are still unknown. So far, it was reported that 
early life stages of development of Platynereis 
dumerilli exposed to humic acid-coated AgNPs 
(HA-AgNPs) endured the highest toxic effects if 
compared to the soluble Ag counterpart within 
48 h [37]. The Ag speciation in biological tissues 
was demonstrated in Nereis virens and can be 
presented as Ag metal, AgCl and Ag2S once 
exposed to citrate-AgNPs (cit-AgNPs) over 
28 days at 22 °C [11]. At a similar exposure time, 
coelomocytes of Nereis (Hediste) diversicolor 
experienced lysosomal membrane permeability 
and DNA damage in a concentration-dependent 
manner of polyvinylpyrrolidone-coated AgNPs 

(PVP-AgNPs) at 15 °C [49]. Experiments with 
Nereis diversicolor demonstrated that for some 
deposit feeders the ingestion of nano- 
contaminated sediment is crucial for uptake and 
cellular internalization of AgNPs [50]. From the 
intestinal lumen, AgNPs were directly internal-
ized by gut epithelial cells and then became asso-
ciated with the apical plasma membrane (in 
endocytic pits and in endosomes). Interestingly, 
the subcellular fractionation of both soluble Ag 
and nanosilver in Nereis diversicolor is different: 
AgNPs were associated with inorganic granules 
(~40.6 μg.g−1.Ag), organelles (~85.6 μg.g−1.Ag) 
and heat denatured proteins (~36.7 μg.g−1.Ag) 
whereas soluble Ag was mainly taken by the 
metallothionein-like proteins fraction (~78.7 μg.
g−1.Ag). The antioxidant system that arises in 
Nereis diversicolor as a consequence of toxic 
effects of bulk AgNPs particles (~63 nm and 
~202 mm) throughout 11 days of exposure (2.5–
10 mg.Ag g−1 dw) at 10 °C seems to rely on glu-
tathione, and be related Se-independent and 
Se-dependent glutathione peroxidases (GPx and 
SeGPx) increasing levels at day 7 [51]. However, 
it seems that DNA damage in coelomocytes of 
Nereis diversicolor can significantly arise after 
10 days once exposed to lower concentrations of 
nanoAg in sediments (<100 nm, 25 μg.Ag g dw) 
at 15 °C [52].

17.2.5  Benthic and Pelagic 
Invertebrates

Some interesting findings have been reported for 
benthic and planktonic invertebrates after chronic 
exposures to AgNPs (Table 17.1), but more 
mechanistic studies about the innate immune 
response to AgNPs and their interactions with 
cellular compartments are still highly needed. 
Mechanisms of cellular internalization of AgNPs 
and elimination, growth rate disturbance, meta-
morphosis incompletion, behavior impairment, 
silver metabolic speciation, genotoxicity, altera-
tion of proteins expression, immune cell reaction 
and antioxidant defenses have been described as 
specific biological effects related to nanoparticu-
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late silver and/or its leaching ions [11, 43–46, 
49–61].

Recent work using 3-month old sea urchins 
(Strongylocentrotus droebachiensis) showed an 
inflammatory response involving red spherulo-
cytes and amoebocytes emerged within 12 h of 
dissolved silver exposure [43]. With 96-h expo-
sure, poly(allylamine)-coated AgNPs (14 ± 6 nm, 
100 μg.L−1) already formed a trail of foreign bod-
ies grabbed on the mesenteries indicating a facili-
tated pathway to contaminate sea urchin coelomic 
sinuses. After 12-day exposure to 
poly(allylamine)-coated AgNPs, a strong phago-
cytic activity emerged in these sinuses (Fig. 17.1).

Though it is not certain how the particle coat-
ing and the size range of AgNPs modulated the 
phagocytic response in such a case. In compari-
son, titanium oxide nanoparticles (TiO2NPs, 
10–65 nm; 1–5 μg.L−1) also stimulated phago-
cytic response of immune cells of sea urchin 
Paracentrotus lividus and increased a Toll-like 
receptor (Pl-TLR) mRNA and protein levels 
after 1 day of exposure [62]. The same study also 
reported an anti-inflammatory effect with a sig-
nificant inhibition in the p38 MAPK (mitogen- 
activated protein kinases) levels. Similar effects 
can also arise in crustacean species. It has been 
reported that an inhibition of hemocyte phagocy-

tosis by AgNPs (26 ± 1.2 nm, 400 μg.L−1) hap-
pened in adults of Crassostrea virginica after 
very short time exposures (15–120 min) [28]. By 
the same token, hemocytes phagocytic activity 
in Mytilus galloprovincialis was significantly 
increased at 41% only by 20 nm-maltose- 
stabilized AgNPs (Mal-AgNPs, 1.25 mg L−1) 
compared to <10 nm, 80 nm and 2 μm- Mal-
AgNPs at 18 °C [41]. The release of Ag+ ions 
from Mal- AgNPs after 1 h in seawater was fast 
and continuous. This study demonstrated a high 
toxicity potential of organic-coated AgNPs. In 
fact, Mal- AgNPs (20 nm) were much more toxic 
to gill cells and hemocytes than the Ag bulk 
form. Also, DNA damages occurred in hemo-
cytes (1.25 and 2.5 mg L−1/Ag) and in gill cells 
(2.5 mg L−1/Ag) [41]. In green sea urchins, cir-
culating coelomocytes from internal haemal ves-
sel fully contaminated by nanoAg (~8 nm) 
underwent an apoptotic-like process with evi-
dence of cell blebbing and nanoparticles located 
inside nucleous [43].

It is observed from these numerous studies 
that abiotic factors interfere strongly with the 
physicochemical state of nanomaterials, and any 
variation in exposure conditions may complicate 
the interpretation of the experimental results. 
Some factors such as dissolution, agglomeration 

Fig. 17.1 Coelomocyte from the coelomic sinus of S. 
droebachiensis juvenile showing a typical phagocytic 
pathway in presence of nanosilver (nAg) in a transmission 
electron photomicrograph (non-contrasted sample) 

(Magesky et al. [43]). White asterisk indicate early lyso-
somes close to a phagosome and the larger phagolyso-
some. Ly lysosome, nAg nanosilver, Nc cell nucleous, Ph 
phagosome, Phs phagolysosome, pp parietal peritoneum
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and sedimentation or the adsorption of ions and 
macromolecules should be identified and quanti-
fied in order to understand bioavailability and 
toxicity of silver [63]. Additionally, some stan-
dard experimental conditions such as the number 
of exposed organisms, temperature range, 
 exposure time and volume of exposure media 
must be detailed to make comparable results 
from different short or long term exposures. For 
example, the maximum density of embryos and 
larvae in test solutions should be between 15 and 
30 individuals/mL. Concentrations up to 50 
organisms/mL may show less toxic effects than 
normally expected due to the reduced toxic 
charge and body burden retained by each 
organism.

17.3  Physicochemical Interactions 
of AgNPs with Membranes 
and Biomolecules

17.3.1  Physical and Chemical 
Processes

Once in the environment, nanomaterials undergo 
several transformation processes that would dic-
tate their biotic interactions and toxicity. These 
physical and chemical processes are highly com-
plex as illustrated in Fig. 17.2.

The affinity of nanoparticles (NPs) to biologi-
cal surface can change as a function of the condi-
tions in the surrounding medium, such as pH, 
ionic strength or presence of colloids. Forming a 

Fig. 17.2 A schematic model for AgNP and multiple fea-
tures and mechanisms that may influence nanosilver tox-
icity in aquatic media (Modified from Lapresta-Fernandez 
et al. [85]). 1 Photo-oxidation. 2 Interaction with organic 
matter. 3 Dissolution of metal core by anionic attack and 
releasing of Ag+ ions by oxidative processes. 4 Aggregation 
with other AgNPs. 5 Ionic adsorption on AgNP surface. 6 

Oxidation and leaching of Ag+ ions from the irregular sur-
face of nanoparticle. 7 Different shapes that may influence 
internalization of AgNPs by cells. 8 Sulfidation of AgNPs 
(Ag2S-NPs) can slow down or prevent oxidation and ionic 
leaching. 9 Organic coating providing stability for 
nanoparticles, but also acting as ligands for other toxic 
metals or organic molecules
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corona-like structure on NP surface, natural 
 colloids may strongly interfere with their final 
fate in natural environment. In fact, the effects of 
NOM (natural organic matter) can both enhance 
and reduce aggregation, as it depends on other 
ambient environmental conditions. When NOM 
is present in the medium, it leads to the formation 
of more negatively charged particles which 
enhances particle stability via electrosteric stabi-
lization as well as steric hindrance [64]. The 
presence of an organic matter corona in some 
NPs is expected to mitigate their toxicity by hin-
dering their direct contact with cells in an expo-
sure medium [65]. Notwithstanding, organisms 
ingesting AgNPs enrobed by NOM will unequiv-
ocally endure nano-intoxication as well. As an 
example, mussels seem to be particularly suscep-
tible to NPs due to their sessile nature and filter 
feeding habits [44, 53]. Macrobenthic organisms 
as blue mussels exposed to estuarine waters 
charged with AgNPs showed strong bioaccumu-
lation of silver [9]. This might be attributed to the 
uptake of setting particles amended with nanosil-
ver and relatively bioavailable in seawater. 
Actually, a fast translocation of Ag+ and/or 
AgNPs from the tissues of bivalves (gills) in 
direct contact with the exposure media towards 
hepatopancreas can be observed as well [26, 34].

As mentioned before, filtering organisms as 
sea urchin larvae might cross the estuarine halo-
cline to feed and eventually be exposed to silver. 
A threshold of particle size could drive the intake 
of NOM-AgNPs by larvae. Not all particles in 
solution are suitable for food or are of a size or 
shape to be ingested by larvae, but later stages 
before metamorphosis can rather capture larger 
particles [66]. Some cases of indirect transfer of 
AgNPs by means of biological material (such as 
phytoplankton cells) ingested by larvae have 
been described in the literature [58, 60].

17.3.2  Interactions with Cells 
and Tissues

Phytoplankton contaminated with 
poly(allylamine)-coated AgNPs can efficiently 
transfer silver to echinoplutei gut (Fig. 17.3). 
From digestive tissues, 15 nm-poly(allylamine)-

coated AgNPs and some aggregates (~230 nm) 
reach the coelomic epithelium, the proctodaeum 
epithelium and the mesothelium as aggregates. 
After contamination took place, the large perivis-
ceral cavity of larvae (blastocoel) became burden 
of nanoAg (130–400 nm). In such conditions, 
many larval cell-types as coelomic epithelial 
cells, phagocytic amoeboids, spherulocytes, 
petaloid- like cells, peritoneocytes, etc. internal-
ized nano-aggregates of different sizes. 
Intoxication with nanoAg prevented metamor-
phosis to occur and caused a twofold higher mor-
tality in clean conditions compared to soluble 
Ag. Larvae experiencing nanosilver contamina-
tion under good feeding conditions will first 
struggle to complete metamorphosis at 8 °C and 
then suffer lethal side effects of silver in the 
meantime. In a like manner, 30–50 nm oleic acid 
and polyvinylpyrrolidone-coated AgNPs reduced 
settlement rate of larvae of polychaete H. elegans 
feeding on algae in a 5-day experiment (25 °C) 
[58]. This work suggested that Ag uptake in phy-
toplankton cells is higher than in larvae so both 
AgNPs and dissolved Ag+ can be easily delivered 
to larval gut and disrupt their metabolism.

Upon contact with biological fluids, NPs pri-
marily interact with proteins and other biomole-
cules giving them a new biological identity 
different from their synthetic nature. The affinity 
of a protein to NPs controls their behavior 
(adsorption/desorption, complexation/dissocia-
tion) when biophysical interactions take place 
during NP translocation to different physiologi-
cal compartments [67]. These interactions rely on 
the protein structure and the physicochemical 
properties of involved NPs. It has been estab-
lished that the net binding energy of an adsorp-
tion event (ΔGads) will guide the stability of the 
protein-nanomaterial interactions [68]. When 
ΔGads is high, proteins adsorbed on NPs surface 
stay attached. On the contrary, with low ΔGads 
proteins likely lose bound and return to solution. 
Hence, proteins adsorbing NPs with high affinity 
form the hard corona and do not get easily 
desorbed. Those with low affinity form the soft 
corona, which consists of loosely bound proteins. 
How these layers communicate in a dynamic way 
with each other and with the nanomaterial sur-
face is still subject to debate.

A. Magesky and É. Pelletier



299

17.3.3  Effects of Interactions 
with Biomolecules

Transcytosis of AgNPs through body cavities 
provides different physiological environments 
that will likely influence aggregation- 
disaggregation processes, corona formation and 
so toxicity [69]. So far, there are no available 
studies reporting those effects on nanoAg toxic-
ity in marine invertebrates. An important AgNP 
effect on cells corresponds to nanoscale holes 
formation in living cell membranes [70]. This 
effect has been studied with polymeric nanoma-
terials from 1.2 to 22 nm in mammal cells, but 
not described in marine species. Moreover, it can 
be suggested that the translocation of nano- 
aggregates through biological tissues might con-
tribute to some physiological stress possibly 
regulated over time. It is also difficult to known 
how different cell-types contaminated with 
AgNPs would respond to silver toxicity in marine 
invertebrates. In sea urchins, peritoneal cells 
seem to have a role in AgNP dispersion inside 
body cavities after internalization; circulating 
coelomocytes loaded with nanoAg experienced 
from physical disturbance of cell membrane to 
cell disaggregation [43]. A second effect is the 
Ag core dissolution itself. The Trojan-horse 

mechanism in which Ag+ ions are released over 
time may be especially toxic in the intracellular 
milieu, but this effect appear to be less clear in 
body cavities. For instance, sea urchin larva 
seems to react to ingested 5–35 nm-AgNPs. The 
X-ray absorption near edge structure (XANES) 
spectra of Ag in contaminated echinoplutei of 
Paracentrotus lividus showed multiple aggre-
gates of AgNPs oxidized and complexed with S 
and O/N ligands as well as a loss of calcite [29]. 
In fact, sulphur-containing compounds are found 
in excess in nanoAg exposed-echinoplutei thus 
indicating a biological response to reduce the 
concentration of soluble Ag.

Noteworthy, three major findings about pro-
tein coronas as a modulator of AgNP sulphida-
tion in macrophages have been established [71]: 
(1) protein coronas modulate nano-Ag2S forma-
tion at AgNPs; (2) ion release from AgNPs is 
necessary for nano-Ag2S formation, and (3) pro-
tein corona-mediated sulphidation impacts cell 
toxicity. As above mentioned, NPs get covered 
with biomolecules when lying in biological 
media. As soon as polymer-coating AgNPs enter 
serum medium (1%), the polymer coating is 
replaced by hard and soft coronas in about 1 h. 
The mechanism proposed implies that leaching 
ions released from the nano-surface get trapped 

Fig. 17.3 Profile view of levels of fluorescence signal 
emitted by poly(allylamine)-coated AgNPs-FITC fluores-
cent marker in metamorphic larva of sea urchin S. droe-
bachiensis feeding on phytoplankton. Image was taken at 
24 h of exposure in vivo (8 °C) in confocal microscopy 
(10×, scale bar: 500 μm). Intensity of the signal is given 

on y axis, distance (in μm) is on x axis. The red line (on 
the right) runs through larva and phytoplankton showing 
levels of fluorescence emitted by both (shown on the left). 
The distance of red target marker (phytoplankton cell) 
from blue target marker (larval stomach) was ~251 μm 
(Magesky unpublished results)
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first in the long-lived protein corona (hard corona) 
where Ag2S may be formed if there is enough 
reduced sulphur and Ag+ available [71]. On the 
contrary, sulphide formation does not happen on 
the soft corona where the turnover of biomole-
cules is faster. Instead, the loosely aggregated 
proteins transport Ag+ away from the particle, 
which decreases local ion concentration. Hence, 
nano-Ag2S formation at AgNPs decreases with 
the presence of soft corona and increases in free 
circulating proteins. Authors suggested that sul-
phidation involving dynamic corona formation in 
living organisms can reduce AgNP toxicity at 
lethal and sub-lethal doses by preventing cell 
death, and pro-inflammatory cell cytokine pro-
duction. Such mechanisms were not described 
for sea urchins, but sulphur-containing com-
pounds found in nanoAg-exposed echinoplutei 
might be a good indication of corona mitigation 
of silver toxicity in this taxon.

17.4  Cellular Toxicity Mechanisms 
of Polymer-Coated AgNPs 
During Sea Urchin 
Developmental Stages

For decades, sea urchins have been used as clas-
sical biological model in development research, 
cell biology and toxicological studies. With sea 
urchin genome so closely related to humans and 
other deuterostomian animals, their cells are con-
sidered as a powerful model for nanotoxicity 
investigations without ethical normative issues 
[62]. Many cellular processes of developmental 
stages of green sea urchin (S. droebachiensis) can 
be severely disrupted by silver contamination.

17.4.1  Embryotoxicity of AgNPs

Major events of embryogenesis from blastula to 
midgastrula stage were studied in presence of 
poly(allylamine)-coated AgNPs (100 μg.L−1) at 
5 °C [42]. Early mesenchyme blastula was the 
most sensitive stage exposed to nanoAg. 
Throughout 96-h assay, deformed larvae showed 
abnormal swimming behavior, strong inhibition 

of biomineralization, low concentration of sec-
ondary mesenchyme cells in blastocoel, abnor-
mal clusters of primary mesenchyme cells 
(PMCs), low migration of pigment cells in the 
ectodermal layer from animal pole, no differen-
tiation of pigment cells at the vegetal pole, dys-
functional digestive tract, and impairment of 
blastocoelar cells. Early on, all developmental 
stages were severely impacted by soluble Ag, 
whose effects were faster and much more severe 
when compared to nanosilver. Under nanoAg 
conditions, Ag+ free levels steadily increased 
during exposure time. Poly(allylamine)-coated 
AgNPs (~8 to 17 nm) structure is basically a sil-
ver core embedded with polyallylamine (PAAm) 
firmly integrated within the nanoparticles giving 
them an aspect of a hairy ball. The negatively 
charged polyallylamine chains may hold around 
2.5% of Ag+ ions ready to be released in seawater 
[42]. The chemical behavior of poly(allylamine)-
coated AgNPs is characterized by a slow dissolu-
tion of nano-core particle over 16 days and a 
rapid release of Ag+ entrapped by polymer chains 
within 24 h. This entrapped silver ready to be 
released can be considered as a major source of 
toxicity of PAAm-AgNPs in short-time expo-
sures. Due to a fast solubilization in brackish 
waters, Ag+ quickly interfered with several sensi-
tive processes that are crucial for embryogenesis 
and larval formation.

While embryos undergo gastrulation process, 
they remained closed to circulating seawater until 
the stomodeum (mouth opening) appeared in the 
prisma larvae. We believe that soluble forms of 
Ag could particularly interfere with the calcium 
uptake before feeding larvae formation since 
skeleton formation depends on it. We further 
hypothesized that ectoderm would act as a barrier 
to AgNPs at some point when compared to Ag+. 
So taking invaginating blastulae stage as a model 
to explain the interaction of silver with PMCs 
(Fig. 17.4), it can be established that the main 
disruptor of biomineralization process came from 
Ag+ ions. We suggested that Ag+ passing through 
ectoderm layer would provoke early on some 
agonistic competition with Ca2+ ions that are nor-
mally imported into blastocoel to form calcite 
granules inside PMCs. Abnormal syncytia of 
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mesenchyme cells held growing clusters unable 
to properly mineralize spicules under silver stress 
[42].

Currently unknown is how Ag can disturb 
skeletogenic cells (Fig. 17.5). Confocal images 
revealed that some Ca2+ ions are stored by calci-
fying PMCs, but abnormal clusters are unable to 
deliver Ca2+-loaded vesicles to build the spicules 
[42]. A first hypothesis chiefly relies on Ca2+ traf-
ficking towards skeletogenic syncytium cells and 
the competition with Ag+ for transmembrane ion 
pumps on cell membrane. Alternatively, it could 
be due to an impairment of intracellular compart-
ments involved with Ca2+ exportation for skeleton 
growth. Cell contact and filopodial formation are 
clearly affected by silver. As both are crucial 
steps for skeletogenic cells organization and spic-

ule calcification in blastocoel, so membrane dis-
turbances could be tentatively responsible for 
growing agglomerations of abnormal calcifying 
cells (Fig. 17.6).

Nucleous of some Ag-chemically affected cell 
clusters are less marked by DNA fluorescent 
dyes, which may indicate failure of cell machin-
ery to keep up with their regular activity in sea 
urchin embryos. Either way, Ag permanently dis-
rupted skeleton mineralization. Comparatively, 
Mn+ contamination (1.12 mM) prevented 
embryos of sea urchin Paracentrotus lividus to 
form spicules and interfered with the expression 
of PMCs-specific genes [72]. Notwithstanding, 
impaired skeleton of Mn+-exposed embryos can 
be rescued from chemical insult when Mn is 
diluted and washed out. After 16-h exposure, all 

Fig. 17.4 Mechanistic model proposed for Ag+ ions 
interactions with ectoderm of invaginating blastulae and 
their primary mesenchyme cells (PMCs) (Magesky and 
Pelletier [42]). NanoAg treatment is seen on the left, 
AgNO3 one is on the right. Ectoderm layer is indicated by 
red arrow; dissolved silver pathway is showed by black 
dashed arrows while Ca2+ one is in blue arrow. Polymer- 

coated AgNPs are represented by blue balls and dissolu-
tion process is shown by rounded bluish surrounding 
areas. The major sphere around blastula indicates the 
interaction layer in seawater. Dissolved silver targets 
PMCs by disrupting cell membranes of forming syncy-
tium and thus spicule mineralization
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Fig. 17.5 Mechanistic model for Ag+ ions interactions 
with calcifying PMCs inside blastocoel (calcification pro-
cess modified from Stumpp et al. [84]). 1 Soluble Ag 
might have disruptive effects on membrane transporters, 
Ca2+ trafficking into cells, uptake of HCO3

− and final pre-
cipitation of CaCO3 for spicule construction. 2 Aberrant 
clusters failed to mineralize skeleton, albeit small gran-

ules of CaCO3 precipitated inside swollen cells. Blue 
arrows indicate swollen process of abnormal clusters, the 
red ones represent the possible targets of Ag+, orange 
arrows show HCO3

− uptake for amorphous calcium car-
bonate precipitation inside the cells (vesicles in the fig-
ure), the black ones indicate Ca+2 influx

Fig. 17.6 Morphology of skeletogenic cells from posterior 
region of a healthy larva and a 100 μg.L−1/nanoAg- treated 
larva after 96 h (Magesky unpublished results). (a) 
Uncontaminated echinopluteus showing calcifying syncy-

tium and spicule. (b) Contaminated larva lacking skeleton; 
disturbed congregation of spiculogenic cells are seen inside 
white spiral. Abbreviations- Ac abnormal clusters, Git gas-
trointestinal tract, Sc spicule (Scale bar: 200 μm, 20×)
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embryos were able to develop normally. In gen-
eral, PMCs, pathways related to skeleton miner-
alization and enzymatic activity seemed to be 
strongly impaired by AgNPs in embryos [27, 32, 
33, 39]. In addition, cell-types involved in the 
organogenesis of early larvae undergo a perma-
nent metabolic impairment after AgNPs contami-
nation [42].

During gastrulation process, PMCs ingress 
into blastocoel following fibronectin pathways 
and form the matrix on which calcium carbonate 
crystallizes to build up larval skeleton [73]. At 
least for early echinopluteus larvae, the presence 
of fibronectin-like molecules in the skeletogenic 
syncytium of abnormal embryos shows the toxic 
effects of AgNPs (1–10 nm) in the deposition of 
extracellular matrices (such as fibronectin) [40]. 
Even well-established calcifying clusters of older 
echinoplutei are impaired by soluble Ag and 
nanoAg. Unfed 6-arm echinoplutei became intox-
icated within a few hours (12 h) after being con-
taminated by Ag. Aberrant clusters are not formed 
as observed in prisma larvae and embryos, but 
mineralization is permanently blocked and skele-
togenic cells got individually dispersed [42].

With stomodeum formation, a new route for 
nano-contaminated water emerges. During larval 
development, cell specification processes of 
hindgut continue throughout late gastrula and 
prisma stages; foregut and midgut undergo to 
morphological changes readily from late gastrula 
on, in a period when gut regions are molecularly 
defined [74]. The formation of larval gut depends 
on continuous movements of endodermal cells 
requiring constant regulation of adhesive proper-
ties of archenteron cells. Hence, mouth formation 
would likely provide a passageway for a facili-
tated contaminant uptake allowing silver to 
directly interfere with gastrointestinal tract 
regionalization processes. Mid-to-late prisma lar-
vae exposed to soluble Ag had poorly developed 
stomach whereas poly(allylamine)-coated 
AgNPs-treated larvae showed only a little delay 
in stomach development. Silver can also have its 
toxicity worsened when combined with function-
alized single-walled carbon nanotubes 
(f-SWCNTs). In this case, mid-to-late prisma 

were shapeless and their gastrointestinal tract 
became a deformed hollow tube with no cardiac 
sphincter throughout 96 h exposure. Notably, 
even when nanoAg are mixed with f-SWCNTs, 
free Ag+ levels are higher if compared to single 
exposures of nanoAg. Dynamic interactions of 
Ag+ with f-SWCNTs increased silver toxicity 
likely providing an ion capture on nanotubes 
walls and an optimized contaminant transfer to 
the organisms [42].

17.4.2  Toxicity of AgNPs 
After Metamorphosis

Along early life of green sea urchins, it has been 
observed that some developmental stages might 
be more directly affected by nanotoxicity than 
others. After metamorphosis, newly settled 
urchins could face major threats to their survival. 
While transitioning from a planktonic to a ben-
thonic lifestyle, early postmetamorphic juveniles 
need a fast immune system organization to cope 
with natural diseases and ubiquitous pollution. 
Juveniles S. droebachiensis have cryptic habits 
and are particularly sedentary [75], thus they may 
become an easy target for AgNPs discharged into 
seawater when wastewater treatment plants do 
not operate properly.

Three-month old sea urchin juveniles have 
contrasting immune cell strategies and stress 
induced heat shock proteins (Hsp) expression to 
deal with soluble Ag and poly(allylamine)-coated 
AgNPs [43]. Given the stronger expression of 
Hsp70 and Hsp60 in poly(allylamine)-coated 
AgNPs-treated urchins (100 μg.L−1) at 48 h expo-
sure, the hypothesis of harmful effects mainly 
driven by nanoAg form itself was confirmed. In 
turn, dissolved silver toxicity rapidly arises if 
compared to AgNPs ones. Among several 
immune cell-types recognized in adults of 
 echinoderm species, red spherulocytes and amoe-
bocytes are known as the main cell effectors dur-
ing clotting reactions caused by chemical injuries 
or infestation of biological agents. Both cells rap-
idly migrated (within 12 h) towards tissue wounds 
provoked by soluble Ag then large cell plugs 
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arose. On the other hand, circulating coelomo-
cytes internalized AgNPs greatly dispersed in 
coelomic sinuses and haemal ducts of juveniles. 
Of a particular significance were the extruding 
vesicles caused by ~8 nm-AgNPs embedding on 
cell membrane of coelomocytes [43]. As 
observed, nanosilver was first concentrated in 
small aggregates then eliminated from cell mem-
brane before internalization. Similarly, some 
human immune cells such as neutrophils, mono-
cytes and macrophages seemed to have extracel-
lular traps acting as physical barriers that prevent 
positively charged 15 nm-polymeric-coated gold 
(Au) nanospheres to undergo endocytosis [76].

17.4.3  Comparative Toxicity 
of Dissolved and Particulate 
Silver

A schematic model has been constructed in an 
attempt to summarize and compare both Ag+ and 
polymer-coated AgNPs toxicity effects in coelo-
mocytes of sea urchin (Fig. 17.7). Although this 
scheme already appears as quite complex, it 
probably represents only a part of all mechanisms 
involved with AgNPs toxicity in sea urchin coe-
lomocytes. Because AgNPs translocate through 
primary and secondary cavities in sea urchin 
body, their physico-chemical properties may be 

Fig. 17.7 Schematic representation summarizing 
nanosilver (on the left) and dissolved silver (on the right) 
main cytotoxic effects in Ag-treated organisms (mostly 
juveniles of green sea urchin). 1 Internalization of small 
aggregates by non-phagocytic pathway after small organic 
coated AgNPs embedding on cellular surface; 2 Extruding 
vesicles from coelomocyte membrane; 3 Phagocytic path-
way: loading vesicles with nanosilver are seen in larger 
phagolysosome; 4 Dispersion of AgNPs in cytoplasm or 
elimination to extracellular milieu; 5 Secreting vesicles 
with loaded nanosilver; 6 Apoptotic-like process; 7 

Dispersion of AgNPs in nucleus (chromatin and perinu-
clear region); 8 Hsp60 up-regulation in nano-exposed 
organisms and down-regulation in dissolved silver 
exposed ones; 9 ROS production and mitochondrial dys-
function; 10 Hsp70 up-regulation in both nanoAg and 
soluble Ag-exposed organisms (nano-treated larger 
urchins had higher levels of Hsp70). 11 Nuclear and DNA 
disaggregation; 12 Ca2+-vesicles held by calcifying cells 
unable to build spicules (mechanism described in devel-
oping larvae); 13 Cellular swelling (oncosis)

A. Magesky and É. Pelletier



305

affected by the surrounding coelomic fluid and 
circulating biomolecules. Consequently, pro-
cesses like aggregation and disaggregation, dis-
solution, biocorona envelopment, metabolization/
detoxification of Ag+ released from Ag nano- 
forms can individually dominate and/or be con-
comitant for different groups of cells. The first 
effects of AgNPs and its leaching Ag+ ions on 
cell membrane, cytosol and nucleous likely hap-
pen at different times at the beginning of toxic 
insult (t = 0 h), but it must steadily evolve to a 
highly toxic scenario depending on the time of 
exposure, the kinetics of biochemical reactions at 
low or high temperatures, and contaminant con-
centration. Coelomocytes flowing nearby facili-
tated routes for contaminant uptake (as mouth) 
would likely be more severely affected. Toxicity 
arises as a function of nanomaterial size (small 
single particles and/or small and large aggre-
gates), surface area, redox potential, surface 
functionalization and composition (coating and/
or biocorona formed) [77].

It has been suggested that NPs could interact 
with different proteins within different cells, so 
some changes in their intracellular localization 
would naturally occur as a function of the cell- 
type involved [78]. Peritoneocytes are secretory 
cells distributed along mesothelium of body cavi-
ties in echinoplutei and sea urchin juveniles [60]. 
When nanosilver flowed through larval perivis-
ceral cavity and juvenile inner secondary cavi-
ties, small aggregations of AgNPs (~30 to 80 nm) 
can be caught up by the cellular secretory path-
way. Accordingly, extracellularly secreted vesi-
cles seemed to act as nano-transporters. In this 
way, NPs would likely reach new tissues and 
contribute to phagocytosis in larger spaces of 
coelom [60]. With regard to circulating coelomo-
cytes, simultaneous processes involving phago-
cytic and non-phagocytic pathways would likely 
take place in highly contaminated cavities. 
Endocytosis of small aggregates probably 
emerged as a consequence of a threshold of ten-
sion forces on cell membrane basically created 
by aggregations and/or single AgNPs close to 
each other [43, 79]. Furthermore, assessing 
polymer- coated AgNP resilience-time captured 
by coelomocytes as aggregates of different sizes 

may reveal the cellular costs involved with diges-
tion, retention and disposal of nanoAg. Inside 
intracellular milieu, free AgNPs can interact with 
several cellular components and eventually reach 
the nucleus. Even though the elimination rate of 
poly(allylamine)-coated AgNPs engulfed by coe-
lomocytes has not been examined yet, removal of 
large NPs may demand more energy and cell 
receptors than smaller ones [78].

17.4.4  Starvation Effects on AgNP 
Toxicity

Starvation can represent another factor to enhance 
Ag toxicity especially for smaller urchins by (i) 
reducing the intake of anti-oxidant food sources 
and then (ii) misbalancing ROS (reactive oxygen 
species) production and decomposition reactions 
[43]. Hence, ROS produced beyond cellular 
reparative mechanisms might become a driving 
force to not only interfere with protein molecular 
conformation, but with dissolution of AgNPs as 
well [22, 80]. In fact, protein and peptide- 
nanoparticle interactions can cause deformities 
on the protein structure and modify their biologi-
cal functions [81]. Nevertheless, the degree of the 
conformational changes depends on the structure 
of the protein and the chemistry of NPs [68]. In 
comparison to soluble Ag, cellular effects of 
AgNPs may be considered a much more severe 
toxicant when considering their potential actions 
such as (a) acting as single particles and/or aggre-
gates, (b) dissolving in the intracellular milieu 
and/or body cavities, (c) physically interacting 
with structure of biomolecules at several cellular 
compartments, (d) producing systemic contami-
nation in the body by dynamic translocation, and 
(e) targeting multiple groups of cells.

17.5  Remaining Questions 
and Conclusion

Henceforward, a complete understanding of 
chemical behavior of AgNPs inside cellular and 
acellular environment of marine invertebrates is 
still an objective to pursue. With regard to 

17 Cytotoxicity and Physiological Effects of Silver Nanoparticles on Marine Invertebrates



306

polymer- coated AgNPs, it is uncertain whether 
free single nanoparticles flowing through intra-
cellular milieu would be easily attacked by reac-
tive oxygen species and what could be the 
protective role of the organic coating. Despite 
this, it has been shown that reactive intracellular 
H2O2 promotes oxidation of internalized AgNPs 
with final Ag+ release [22]. Secondly, if the Ag 
core slowly dissolves through time, more studies 
are necessary to understand how and at which 
time Ag+ ions could be trapped and released from 
polymer coating. With protein corona enveloping 
nanoparticles, at which point the organic shell 
would allow a fast release of Ag ions and/or a 
reduction of toxicity in marine invertebrate mod-
els? While clear answers to these questions can-
not be given yet, more studies focusing on the 
toxicity mechanisms of organic-coated AgNPs in 
developing marine invertebrates could reveal 
insights about the real environmental threats 
could be involved with nanosilver 
contamination.

With increasing salinity towards the ocean, 
small invertebrates living in brackish waters 
might be particularly targeted by AgNPs [82]. If 
released Ag+ ions react quickly with other seawa-
ter elements as Cl− near the particle surface, a 
faster dissolution might happen [64]. Marine 
invertebrates exhibited lethal and multiple sub- 
lethal effects driven by silver in both nano and 
ionic forms at relatively high concentrations 
compared to low levels presently encountered in 
field conditions. Long-term assays of AgNPs at 
ng/L−1 need to be carried out to elucidate: (i) how 
metabolism can possibly shift without apparent 
morphological impairment [83] (ii) how inflam-
matory processes may compromise immune sys-
tem effectiveness. Some cellular processes (as 
apoptosis, ROS over-production, phagocytosis, 
membrane disruption, NP internalization and dis-
posal etc.) mostly observed in cells of mussels 
and sea urchins contaminated by AgNPs show 
strong similarity with those already described for 
human cells. However, marine invertebrates have 
several cell-types that react differently to AgNPs. 
So additional knowledge on small (<15 nm) 
AgNPs effects on different cell-types of marine 
invertebrate cells is mandatory. The fate of 

nanosilver in cellular compartments of coelomo-
cytes (polychaetes and echinoderms) and hemo-
cytes (mollusks and crustaceans) might reveal 
interesting strategies used by marine inverte-
brates to mitigate the effects of nanotoxicity.
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A Drosophila Model to Decipher 
the Toxicity of Nanoparticles Taken 
Through Oral Routes

S. Aurosman Pappus and Monalisa Mishra

Abstract

In recent era, nanoparticles (NPs) are widely used in food, medicine and 
body implants. Besides it’s wide use being a foreign particle it may have 
some noxious effect on the body. To understand the mechanistic role of 
NPs toxicity, Drosophila appeared to be a superior model organism. 
Toxicity of several nanoparticles were accessed using Drosophila. The 
NPs, after oral route of exposure enter into the gut, crosses the barrier of 
peritrophic membrane and induces apoptosis. The toxicity of NPs within 
gut resulted in developmental delay, with decrease in pupa count, fly 
hatching along with weight loss. The adult fly hatched after nanoparticle 
treatment shows increasing phenotypic defect in various sensory organs as 
well as in different body parts. Besides phenotypic defect some of the 
nanoparticle results altered behavioural phenotypes like larva crawling or 
adult climbing. Alteration of both phenotypic as well as behavioural assay 
clearly hints that signalling pathway like Notch, Wnt, EGFR etc. get 
affected due to exposure of nanoparticle. Results from various labs prove 
that nanoparticle can mediate developmental defect by altering signalling 
pathways. Since many of the signalling pathways are conserved the effect 
seen in model organisms cannot be overlooked. All the nanoparticles used 
in food and medicine should be modified to nullify the toxic effect before 
used in food and medicine.
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18.1  Introduction

NPs are widely used in various foods, medicine 
and in some non-edible products associated with 
mouth [1, 2]. In food industry, it is either used for 
preservation or to enhance the quality of food [3]. 
In medicine, it is used for efficient drug delivery 
[4]. Its antibacterial property allows us to use it in 
various mouth implants [5]. The direct and indi-
rect use of NPs in oral cavity finds its way to 
enter into the food chain. Being a foreign parti-
cle, NPs may interfere with the cellular as well as 
biochemical machinery of the body and thus ulti-
mately will change its functionality. Thus, it is 
essential to check the toxic effect of these NPs 
before widely introduced into our food chain. 
Various model organisms are used to access the 
toxicity of the nanoparticles. The current article 
provokes Drosophila model to study nanoparti-
cles toxicity. A range of genes and transcription 
factor required for the development is conserved 
between vertebrate and Drosophila [6, 7]. 
Furthermore, Drosophila gut share homology 
with the vertebrate gut in several ways. Besides 
structural homology, innate immunological 
pathways are also conserved in both Drosophila 
and vertebrate [8]. All together suggests that 
Drosophila can be used as an ideal model organ-
ism to learn the toxicity of nanoparticles taken 
through oral route.

18.2  Nanoparticles Cross 
Through Oral Route: Food, 
Medicine, Mouth Implants

NPs are widely used in medicine to increase the 
efficiency. Especially NPs used in oral formula-
tion of drugs are considered to be advantageous 
over other routes. There are two main reasons for 
this (1) convenience and compliance for patient 
and (2) cheap to manufacture since sterility is not 

a criteria for synthesis [9]. Besides medicine, 
NPs are used to enhance flavor, color or as health 
supplement [10–12]. Various non-edible sub-
stances like nano-coating on food, drink contain-
ers, and toothbrushes, baby bottles and pacifiers 
also enhances the chances of entering of nanopar-
ticle through oral cavity [13]. Consumption of 
animal products containing nanoparticle within it 
also allow indirect entry of nanoparticle through 
the oral cavity [14, 15]. There are many direct/
indirect ways via which NPs entered into our 
gastro intestinal (GI) tract. To discuss the entire 
nanoparticle entered through the oral cavity is 
beyond the scope of the chapter. Hence, we are 
focusing the ones which are widely used in food, 
medicine or in implants.

In food industry AgNPs are used to keep the 
food bacteria-free due to its antibacterial prop-
erty [16]. ZnO NPs have anti-UV and IR reflec-
tive property. It has further sterilizing and higher 
temperature tolerance characteristic, which 
allows it to be used in skin cream and ointment 
[17, 18]. Silica NPs are used to detect Salmonella 
in food [19]. TiO2 NPs have O2 scavenging prop-
erty, so used to prevent the food from oxidation 
[20]. Metal chalcogenide nanoporous ceramic 
pallets are used in oil to prevent the clumping. 
Nanoporous graphene is used to avert desalina-
tion of water [21]. Sodium alginate NPs are used 
as insecticide on food crops. NPs like nanochar-
coals enhance the creaminess of food due to uni-
form sized emulsion. Engineered nanoparticles 
are used to enhance food uptake in a cellular 
level [16, 22–24]. Various applications of NPs in 
food industry provide dramatic increase of NPs 
in food preparation, preservation and 
processing.

NPs are widely used in cancer treatment for 
efficient drug delivery purpose. In such cases NPs 
not only increases the effectiveness of treatment, 
but also minimizes the damage to other normal 
cells [25–28]. Polymeric-nanoparticles, viral-
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nanoparticles, carbon-nanoparticles,  liposomes 
and magnetic nanoparticles are usually used as 
nanocarriers to deliver drugs to specific cells so 
that they can stay longer time in the circulating 
blood. They act as a carrier for active drugs [29–
34]. Carrier NPs can detect the cancer microenvi-
ronment from the normal environment and thus 
deliver the drugs more efficiently. Quantum dots 
are used to treat antibiotic resistant infection; 
whereas polymer coated iron oxide NPs and silver 
NPs are helpful in the treatment of chronic bacte-
rial infection [35–37]. Nanoparticles like hydroxy-
apatite are also used by dentists as mouth implants 
as they have a Ca/P proportion of 1.67, which is 
matching with bone apatite and enamel of teeth 
[34, 38–40]. NPs like Chlorhexidine hexa-meta-
phosphate are used as a novel coating to prevent 
bacterial growth in dental implants [5]. ZrNPs 
are used for dental filling and implants [41]. 
Application of NPs in various fields suggests that 
a fair number of nanoparticles are being ingested 
into our body on a regular basis. However, due to 
their extremely small size, NPs have the potential 
to easily penetrate into a cell and cause damage. 
Thus, a toxicity assessment of the nanoparticles is 
of extreme importance using a model organism.

18.3  Advantage of Drosophila 
over Other Models

To check the toxicity of NPs various in vivo and 
in vitro models are used. Animals like mouse, 
Drosophila, Caenorhabditis elegans, zebra fish 
and hydra were used to decipher the toxicity of 
nanoparticles. Assessment of toxicity using a 
mammalian cell line would be the most effective, 
in terms of accuracy, maintenance but it can 
answer the uptake only at a cellular level. To 
observe the effects at tissue level, a mammalian 
model organism like mouse is generally used. 
After oral intake of the nanoparticles, the tissues 
are harvested and then observed for abnormalities. 
But with mouse, given that the body organization 
is complex and presence of a large genome, it is 
difficult to study any specific gene or cellular path-
way. Invertebrate model like C. elegans (round-
worm) was used to check the toxicity of NPs like 

gold, ZnO, silica, titania, silver and cerium. Danio 
rerio (zebrafish) are also used as model organisms 
to study NP toxicity. NPs like sodium, gold and 
silver are successfully checked for their toxicity 
using Zebrafish model [42, 43]. Besides its advan-
tages, there are many disadvantages for this model 
organism. Among invertebrate lower metazoans 
like hydra was used to check the toxicity of NPs. 
Hydra possess only two cell layers (ectoderm and 
endoderm). Endoderm faces towards the gastric 
cavity, and thus, it is easy to track NPs after expo-
sure. The uptake of Hydra cells for macromole-
cules is greatly enhanced by the positive net 
charge. Thus Hydra is used by various labs to 
study the developmental and genotoxicity of var-
ious chemicals [44–46]. Zinc doped TiO2 NPs 
were checked using Hydra as a model organism 
[44, 47]. Besides its advantages, it is microscopic 
and morphogenesis of complex organ cannot be 
answered using this model.

Among all the models Drosophila proves to 
be the most suitable one to study NP toxicity, 
since it has a simpler body organization and only 
four chromosomes. The advantages includes (1) 
Low maintenance cost and easy to handle, (2)
short life span, which enables scientists to 
observe any trend over generations, (3) small 
number of chromosome with fully sequenced 
genome, (4) Genetic manipulation is easy, (5) 
Drosophila genome and gene causes disease in 
human being share 75% functional homology, (6) 
various proteins involved in gene regulation, 
expression and metabolism are found to be 
present in both Drosophila and humans [48], (7) 
developmental stages are extensively studied, (8) 
ethical issue is not associated while giving high 
dose to the animal.

18.3.1  Mode of Transportation 
of Nanoparticle 
Through Human 
and Drosophila Gut

Nanoparticle entered through the oral cavity has 
to pass through different parts of digestive system 
including the absorption site. Drosophila guts 
share homology with vertebrate gut in various 
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ways although differences were reported from 
microbiota and immune response. Major homol-
ogy are (1) foregut, midgut and hindgut are anal-
ogous to vertebrate esophagus, small intestine 
and large intestine [49], (2) internal layering of 
the vertebrate gut lumen is lined by mucus layer. 
Drosophila gut is lined by peritrophic membrane 
which is composed of chitin and glycoprotein 
[50, 51] (3) Like vertebrate the digestion within 
the GI tract is regulated by pH as well as various 
enzymes, although the enzymes present in 
Drosophila and vertebrate are different [52]. Like 
vertebrates, the pH of the GI tract varies in differ-
ent segments, which is crucial in the absorption 
of nanoparticle. Various parts of gut and it’s pH is 
show in Fig. 18.1 [53]. The nanoparticle and gut 
interaction is explained on the basis of charge it 
possesses. Positively charged NPs can pass the 
neutral pH of midgut easily and reach the acidic 

middle midgut. In highly acidic environment the 
proteins and extracellular matrix present in peri-
trophic membrane become highly positively 
charged. Thus, the matrix protein repels the 
nanoparticle resulting faster passage within the 
middle to posterior midgut. Anterior part of the 
posterior midgut has neutral pH where the NPs 
stay a while before enter into alkaline posterior 
segment of pH 10. The NPs stays in that region 
for more than 10 h. The peritrophic membrane of 
this region is highly negatively charged thus the 
nanoparticle stay there for longer time period due 
to electrostatic interaction. Nutrient absorbing 
cells are present in this region and helps in the 
absorption of nanoparticle [54] (Fig. 18.2). The 
positively charged NP become neutral at this 
stage and passes the hindgut [53].

The fate of nanoparticle within the gut can be 
checked by feeding fluorescent tagged NPs to the 

Neutral

Neutral

Anterior
Midgut

Middle
Midgut

Posterior Midgut Hindgut

AlkalineAcidic

Anterior Part Posterior Part

Fig. 18.1 Variation of pH in the gut of Drosophila

Fig. 18.2 T.S of midgut of Drosophila. (a) Anterior midgut. (b) Posterior midgut. Note the difference in the length of 
microvilli between anterior and posterior midgut
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larvae and image the digestive system using time 
lapse imaging. Larval midgut are dissected and 
imaged with confocal microscopy for the absorp-
tion of NP within the gut [53]. Recently fate of 
chitosan NPs within the gut was investigated by 
feeding fluorescent tagged NPs to Drosophila 
larvae. Also the damage caused by NPs to the gut 
cells can be observed by staining the cells with 
trypan blue, where the dead cells will retain the 
stain [55].

18.4  Assessment of NP Toxicity 
Using Biochemical Methods

Nanoparticles, due to their extremely small size, 
can easily pass through the plasma membrane. 
NPs can induce reactive oxygen species (ROS) 
inside the cell and cause cellular damage by gen-
erating OH• and O2

• radicals. The amount of ROS 
generated within a cell is dependent on the con-
centration and type of NPs. There are several 
mechanisms by which NPs can trigger ROS for-
mation. Some of them includes (a) prooxidant 
functional groups on the reactive surface of NP, 
(b) transition metal based NPs can produce ROS 
by active redox cycling on the nanoparticle sur-
face and NPs can cause impaired Electron 
Transport System in the mitochondria, resulting 
in ROS production [56]. ROS within the cell can 
damage membrane, DNA and proteins by cas-
pases activation and trigger apoptosis. AgNPs 
can induce upregulation of HSP70 along with 
p53 and p38 proteins [57]. All these proteins are 
potential markers for cellular stress and DNA 
damage. Likewise, gold NPs also perturb met-
abolic processes in a cell along with HSP70 
upregulation and ROS formation [58]. NPs like 
carbon, ZnO and Titania also work in a similar 
mechanism resulting oxidative stress and ROS 
production in a concentration and NP-dependent 
manner [57, 59, 60]. Several dyes are used to 
detect the amount of ROS within the cell. 
2,7- dichlorofluorescein diacetate (DCFDA) dye 
is one among them and used to measure the 
amount of intracellular ROS in NP treated 
Drosophila [46, 61]. High amount of ROS results 
enhanced activity of antioxidant enzymes like 

superoxide dismutase (SOD) and catalase. So 
alternatively, the intracellular ROS can be deter-
mined by checking the extent of increase in SOD 
and catalase [62]. The antioxidant nature of vita-
min C or vitamin C palmitate has been shown to 
suppress the ROS production due to NP treat-
ment [63–65]. Flies treated with AgNP and vita-
min C showed less SOD formation than the flies 
treated with NP alone [66].

Nanoparticles can directly interact with the 
genetic material and cause genotoxicity in fly by 
interacting with the nucleus and causing muta-
tions and damage to the cell [65, 67]. A similar 
situation is reported when sodium citrate-capped 
AuNPs were exposed to flies through the oral 
route [68, 69]. Higher DNA damage was observed 
in the gastrointestinal tissues which can be 
checked by single cell gel electrophoresis assay 
or TUNEL assay. AuNPs treatment to Drosophila, 
shows greater degree of DNA damage with 
smaller sized NP treatment [58, 68]. Various 
intestinal cell culture study suggests pre- 
treatment of NPs with digestive enzymes to 
reduce the toxicity of NPs [70]. In contrast, ZnO 
NPs when mixed with fatty acids increases the 
cytotoxicity [71]. Treatment NPs (TiO2, Ag, 
ZnO, and SiO2) increases the cytokine secretion 
in intestinal cell lines [72, 73]. Growth patterns 
of intestinal cell, size of the cell, and rate of cell 
proliferation of intestinal cell further determine 
the NP-induced cytotoxicity [74]. Colon cells are 
found to be more resistant towards Ag [75].

Oral intake of NPs at early developmental 
time tends to affect the neural system. Neuronal 
defect at early time point can be checked by lar-
vae crawling behavioral assay. Wild type third 
instar larvae of Drosophila tend to crawl in a 
straight line. However, NP-treated (Titania, Ag, 
SiO2 and Alumina) larvae shows irregular 
behavior, indicating malformed mechanosensory 
neurons [76]. Nanoparticles can adhere to mac-
romolecular surface like that of the lipid 
membrane, alter the function of several ion chan-
nels resulting faulty neural transmission [77]. 
Electrophysiology recordings of Alumina NP 
treated Drosophila shows altered the oscillations 
in the local interneurons of the antennal lobe [78] 
which is the largest chordotonal organ. Silver 
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NPs alters neural stem cell differentiation and 
signaling, although the exact mechanism is yet to 
be known [79]. Iron NPs affect the expression of 
ID genes (Inhibitor of DNA binding protein), 
which play a vital role in regulation of nervous 
system, hence causing neural disorders [80]. NP 
interacts with various biochemical pathways and 
result certain defect in the developmental and 
maintenance of neurons. The most common 
assays to detect and measure toxicity in 
Drosophila are represented in Fig. 18.3.

18.5  Toxicity at Phenotypic Level

In the previous section, we have discussed how 
nanoparticles can cause genotoxicity, by damag-
ing or mutating the genetic material. The defec-
tive genotype resulted in a faulty phenotype, 
which is observed in NP-treated Drosophila. 
Phenotypic defects are mainly observed in wings, 
bristles, thorax, abdomen and eyes (Fig. 18.4). 
Genotoxicity can usually be measured by the 
wing spot analysis. This test is also referred as 
somatic mutation and recombination test 

(SMART) [81, 82]. By this assay, the somatic 
recombination and genetic aberrations like dele-
tion, point mutations and translocations can be 
identified [83]. Oral consumption of AgNP 
induces genotoxic effect, resulting increase in 
number of spots in the wing. Such phenotype is 
formed by the significant increased expression of 
multiple wing hairs and flare-3, two recessive 
proteins in the wings [84]. The aberrant pheno-
typic defect caused by AuNPs is inherited 
through generations. AuNPs treatment causes 
deformed wing and eyes phenotype. The surface 
analysis of eyes reveals the presence of different 
structures in the center of the eye which are dif-
ferent from the ommatidia, the functional units of 
the eye [85]. Cobalt NPs (CONP) can also induce 
higher number of spots in the wing, which can be 
detected by wing spot assay. CoNP further can 
alter the spatial arrangement of wing hairs along 
with their distribution on the wing surface [67]. 
Titania and silver NPs can cause abnormality in 
the bristles, decreasing the sensory efficiency in 
Drosophila. Bristles are either found to be broken 
or missing in such mutants [76]. Besides bristle 
antenna is also assumed to be affected as a conse-
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methods to measure NP 
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quence of NP treatment as evidenced by the neg-
ative geotropic assay. Flies are geotrophic in 
nature but with a malformed antenna a fly become 
positively geotropic. Flies treated with AuNPs, 
CoNPs, AgNPs, Carbon NPs, Titania NPs shows 
positive geotaxis behavior which hints for a 
defective antenna [86–88]. The NPs causing 
defect in antennae also causes defect in the for-
mation of abnormal bristles. As bristles are 
essential for sensory purposes, with treatment of 
NPs sensing ability must be compromised in 
flies. AuNPs, Hydroxyapatite and Titania along 
with AgNPs cause the bristles either to be incom-
plete (broken) or fully absent [76, 85, 88]. 
Hydroxyapatite NPs causes the formation of 
thick wing hairs [89]. Abnormalities in wings 
also include missing or incomplete venations, 
abnormal wing size and formation of wing spots 
(due to irregular spatial distribution of wing hair). 
The wing hairs are composed of actin; a defective 

wing hair indicates the interaction of NPs in actin 
formation and its proper distribution [90]. Defects 
in cuticle development and melanization are also 
reported from AgNP treatment as a result of met-
abolic defects. Flies treated with AgNPs show 
comparatively softer cuticles with improper pig-
mentations [88, 91]. This phenotype occurs due 
to less amount of copper since AgNPs affect cop-
per intake by inhibiting the copper transporter. 
Melanin synthesis, requires a tyrosinase which is 
dependent on copper, so unavailability of copper 
resulted pigmentation defect or less amount of 
pigment in the body [91]. A recent study on ZnO 
NP causes defect in bristles and wing structure in 
F1 generation [92].The phenotypes become 
severe in successive generation. A recent study 
by Mishra et al. [93] reported that oral intake of 
Zirconia NPs can cause phenotypic defect in the 
eye, wing and bristle of the fly. Cell death is also 
observed in the gut after oral treatment with zir-

Fig. 18.4 Phenotypic 
defects seen in adult fly 
due to oral intake of 
nanoparticle
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conia nanoparticle. Besides structure behavioral 
defect like defect in climbing against gravity is 
also observed in Zirconia treated flies.

18.6  Signaling Pathways Affected 
Due to NPs

Cells in a developing embryo are constantly com-
municating with each other, and send molecules 
or receive signals which are crucial for normal 
development. These signals are universally known 
as signaling pathways. Many intracellular signal-
ing pathways are known, and some of which are 
activated with response to secreted growth fac-
tors. Often the concentration of secreted factors 
appears as a gradient and specifies the cell fate. 
Thus, any alteration in signaling pathway resulted 
in a defective adult fly. Recent reports suggest NP 
can alter the signaling pathways of Drosophila 
and resulted phenotypic defect in fly. All the path-
ways affected due to NP intake is summarized in 
Fig. 18.5. Signaling pathways like PI3K/Akt/
mTOR are the key players in regulating the energy 
metabolism of Drosophila [94]. AuNP has been 
reported to interfere with this signaling pathway 
and enhances the lipid and fatty acid production 
[95]. EGFR and Notch signaling pathways are 
essential in bristle formations. NPs like silver, 
gold, titania and cerium oxide causes bristle 
abnormalities, by interfering with these two sig-
naling pathways [76, 88, 96]. NPs cause abnormal 

wing pattern by mutating a gene called PCV 
(posterior cross vein). Along with PCV, other two 
signaling pathways BMP (bone morphogenic 
protein) and Notch regulate the spacing, wing hair 
and pattern formations in the wing [80, 97]. 
mTOR pathway is associated with immune 
response, cell differentiation, and carcinogenesis 
in mammalian system. mTOR signaling get 
affected by action of iron oxide, zinc oxide, silica, 
copper oxide and gold NPs [98]. In Drosophila 
gold NP can affects the mTOR signaling pathway 
[99]. Since many of signaling pathways are con-
served a similar effect may be anticipated in 
higher organism as well.

18.7  NPs Affecting Survivorship 
and Fecundity of Drosophila

NPs affect the survivability and fecundity of 
Drosophila. NPs distress various developmental 
stages and alter the survivorship. Oral adminis-
tration of various NPs known to decreases the 
survivorship of Drosophila. AgNPs significantly 
affects the survival rate in a concentration depen-
dent manner. However, the similar result was not 
observed when the flies were treated with similar 
doses of AgNO3 [100]. This suggests that, only 
the nano-sized materials can decline survivor-
ship. AgNP treatment affects larvae survivability 
and delayed the pupae formation. This suggests 
that AgNP can affect different developmental 
stages of Drosophila. CdSe-ZnS quantum dots 
and AuNPs known to decline the lifespan of the 
flies treated with NPs during early developmental 
stages [101]. This advocates probably early 
developmental stages are vulnerable towards NP 
stress. Similar type of results was obtained from 
silver, gold and TiO2 treatment [58, 66, 76, 101]. 
Sliver NPs significantly decreases eggs number 
resulting less pupae and adults. Oral intake of 
TiO2 NPs causes progeny loss in Drosophila 
[66]. Files exposed to GO during early develop-
ment shows significantly altered behaviors in 
comparison to the normal flies. GONPs treatment 
of 10, and 100 μg/ml does not affect larva-pupa 
transition stage. However, NP of 500 and 
1000 μg/ml GO, affects the larvae-pupae transi-
tion stage significantly. This result suggests that 

Fig. 18.5 Signaling pathways affected due to various 
NPs in Drosophila
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GO affects the survivability only at higher con-
centration [85].

Fecundity stands for the reproduction rate in 
a given population. Drosophila, proved to be 
an ideal model for fecundity tests due to NP 
treatment because of its quicker reproductive 
cycle and high number of offspring. AgNPs 
and AuNPs were found to cause long term 
effects in subsequent generations. To prove 
this statement, AgNP was treated to the parents 
and the F1 generations were transferred to a 
food media without NPs. Till F4 generations, 
there was very low reproductive rate, showing 
the generation spanning long term toxicity of 
AgNPs. However, from the F5 generation the 
fecundity rate increased and by F8, it became 
normal [66]. A recent study reported that ZnO 
NP can cause more severe phenotypic defect in 
F4 generation [102].

18.8  Conclusion

Besides of wide application of NP the toxicity 
was overlooked since years. Recent report con-
firms the toxicity in various in vivo and in vitro 
models. In current era Drosophila, has been 
used as a powerful model to address the toxicity 
of various nanoparticles. Effect of NP on vari-
ous factors like survivorship, ROS formation, 
fecundity and genotoxicity has been demon-
strated by various authors using Drosophila 
model. The toxicity observed in Drosophila 
studies provide information regarding the fate 
of NPs once entered into the living system. 
Since it is cost effective many NPs can be 
accessed within a shorter time period. More 
importantly, Drosophila share functional simi-
larity of 75% diseased genes with human being. 
So, the toxicity observed in Drosophila studies 
can’t be neglected. The results obtained from 
toxic study suggest further modification of NPs 
to decrease the toxicity and increase the effec-
tiveness in the field of medical and engineering. 
The assessment of NP toxicity using Drosophila 
will open up more than a few opportunities for a 
better, healthier society.
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Using of Quantum Dots in Biology 
and Medicine
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Abstract

Quantum dots are nanoparticles, which due to their unique physical and 
chemical (first of all optical) properties, are promising in biology and 
medicine. There are many ways for quantum dots synthesis, both in the 
form of nanoislands self-forming on the surfaces, which can be used as 
single-photon emitters in electronics for storing information, and in the 
form of colloidal quantum dots for diagnostic and therapeutic purposes in 
living systems. The paper describes the main methods of quantum dots 
synthesis and summarizes medical and biological ways of their use. The 
main emphasis is laid on the ways of quantum dots surface modification. 
Influence of the size and form of nanoparticles, charge on the surfaces of 
quantum dots, and cover type on the efficiency of internalization by cells 
and cell compartments is shown. The main mechanisms of penetration are 
considered.
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19.1  Introduction

One of the most intensively developing direc-
tions of nanotechnology is synthesis and practi-
cal use of the quantum dots (QDs). QDs are the 
fluorescent semiconductor nanocrystals consist-
ing of atoms elements II–IV or III–V groups of 

Mendeleev periodic table and having the size less 
than the radius of Bohr’s exciton for this material 
[1, 2]. They have the properties of controllable 
photoluminescence due to the effect of dimen-
sional quantization [3]. Particular interest in QDs 
is explained by considerable difference of their 
exciton discrete spectrum from a bulk crystal 
spectrum of the same chemical. This difference 
results in the change of QDs optical properties in 
comparison with the bulk material. In particular, 
depending on chemical composition and QDs 
size the emission band may be on any site of a 
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spectrum from ultra-violet to infrared. This fea-
ture allows receiving marks of various colors for 
optical coding, to use QDs in optoelectronics, 
and apply them to study the structure of biologi-
cal cells, by marking the different structure [4].

The progress in science and technology of 
QDs was observed after 1984 when Luís Brus 
received dependence between the size and width 
of the energy gap band for semiconductor 
nanoparticles [5]. Nearly a decade was necessary 
for further advance in the study of QDs. The 
results of these studies was the synthesis of col-
loidal QDs of CdX (X = S, Se, Te) with the recon-
structed absorption band and emission. Up to 
now CdX are the most studied QDs having excel-
lent optical and electrochemical properties. 
However, their use in biology and medicine was 
impossible because of toxicity of cadmium ion as 
a part of QDs core (Fig. 19.1).

To improve biocompatibility, and quantum 
yield of fluorescence as well as stability of these 
nanocrystals, they were encapsulated with the 
formation of nanocrystals of core-shell type. 
Efficiency of luminescence was considerably 
improved due to passivation on QDs surface of 
the semiconductor with a large of an energy gap 
band due to which leaching of metal ions from a 
core was blocked by this structure [5]. At first 
QDs of CdSe/ZnS and CdSe/CdS were most 
intensively studied. Later, many other QDs of 

“core-shell” type, such as CdSe/ZnSe, CdTe/
CdS, CdTe/ZnS, and even CdTe/CdS/ZnS “core/
shell/shell” were developed. In traditional QDs, 
cadmium is the main element of the composition. 
Nevertheless, it is well known that leakage of 
cadmium ions is the main cause of QDs cytotox-
icity on the basis of cadmium which complicates 
their further use in vivo or in vitro. With increase 
in demand for more biocompatible QDs, there 
was a shift of priority towards synthesis of 
cadmium- free QDs, allowing their use in biology. 
QDs containing silicon (Si-QDs), containing car-
bon (C-QDs), graphene quantum dots (GQDs), 
Ag2Se, Ag2S, InP, CuInS2/ZnS allowing their use 
as luminescent probes for biosensors and bioim-
aging were developed.

19.2  Synthesis of QDs

QDs can be formed on a surface by a method of 
molecular-beam epitaxy growing with the sub-
sequent etching. Such structures are used in 
semiconductor electronics as optical converters 
in light-emitted diode sources and photovoltaic 
cells [6]. However, obviously only colloidal 
QDs are used for biomedical studies and practi-
cal used. In solutions QDs are stabilized due to 
the ligands covering them, and depending on 
ligand structure they form either organic or 
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Fig. 19.1 The necrotic death of neutrophil granulocytes 
after incubation of cells with quantum dots СdSe/ZnS- 
MPA 620 (cells incubated with QDs in concentration 

0.1 mg/ml for 30 min, after that fixed with glutaraldehyde 
2.5%). Cells were scanned by atomic-force microscopy 
(NT-MDT)
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aqueous  colloidal solutions [7]. In live systems 
QDs aqueous colloidal solutions are required, 
since, first, all reactions (including the marked 
QDs) proceed in the hydrophilic environment, 
secondly, it is necessary to get rid of toxic 
organic chemicals. The best of QDs proved to 
be QDs consisting of base material (core), usu-
ally either cadmium telluride (CdTe) or cad-
mium selenide (CdSe), covered with shell, for 
example, zinc sulfide (ZnS) or cadmium sulfide 
(CdS), as well as QDs of a complex composi-
tion a core-shell-shell, for example, CdTe/CdS/
ZnS which have high fluorescence yield 
(Fig. 19.2).

Increase in quantum yield at synthesis of QDs 
“core-shell” type is due to:

 (i) Passivation of uncompensated chemical 
bonds on a nanocrystal surface (trapping 
states in the energy gap band).

 (ii) Protection of a QD’s core from oxidation in 
external environment by covering.

 (iii) Blocking of nonradiative recombination 
process (due to the development by the 
cover of a potential barrier for an exciton in 
QDs core) [6].

Trioctylphosphine oxide (TOPO) is usually 
used in QDs synthesis, but it giving them hydro-
phobic character. For transition to aqueous col-
loidal solution by means of various exchange 
reactions QDs surface is covered with a hydro-
philic covering, for example mercaptoacids, 
polyethyleneglycol (PEG), bovine serum albu-
min (BSA) and others [8]. Ligand replacement is 
performed covering QDs with amphiphilic poly-
mers, or making micellar encapsulation [3]. 
Conversion in an aqueous phase is often results in 
a considerable decrease in luminescence bright-
ness [9]. Increase in QDs hydrodynamic diameter 
is another consequence of initial ligand replace-
ment for a polymer coating [3]. QD direct syn-
thesis in an aqueous phase is also possible, 
though in this case, quantum yield and stability 
are lower than in the QDs originally obtained in 
an organic phase. Besides, it is difficult to obtain 
QDs of different diameter in aqueous media, 
while it is possible to do it in organic media [7]. 
Anyhow, the used precursors, solvents, reaction 
temperature, injection parameters (when using 
injection methods of QDs colloidal synthesis) 
directly influence morphology, chemical and 
optical properties of QDs, their average size, its 

Fig. 19.2 Schematic representation of a quantum dot: a core in the center (blue), over it a shell (green), above a quan-
tum dot is functionalized by various molecules
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standard deviation, place and spectral bandwidth, 
photoluminescence and its quantum yield [6]. 
Nucleic acids, DNA and RNA for example, can 
serve a matrix for semiconductor nanocrystals 
synthesis. The DNA specific groups can control 
synthesis and influence the emission properties 
of the received product. Thus, it was shown that 
in case of QDs PbS and CdS synthesis only GTF 
use as a mononucleotide ligands leads to forma-
tion of fluorescent nanocrystals [3].

Due to the active target teranostics develop-
ment, functionalized QDs, i.e. QDs conjugated 
with biomolecules (Fig. 19.2) are widely used 
now. Most often: nucleic acids, peptides, proteins 
act as biomolecules [3]. Conjugation can be car-
ried out due to hydrophobic or electrostatic inter-
action, however the most stable effect can be 
achieved only due to covalent binding, that is why 
it is most often used in the synthesis of functional-
ized QDs [7]. Both functionalized, and not func-
tionalized QDs have should be stable and not 
subject to aggregation, their hydrodynamic diam-
eter has to be less than 5.5 nm to provide a normal 
excretion by kidneys [3]. For stabilization of QDs 
they are quite often covered by PEG that has as 
positive effect (QDs are stable, do not aggregate, 
are not uptake by reticuloendothelial system), and 
negative (hydrodynamic diameter increases, an 

exit in a tumor is at a loss). Besides, it is necessary 
to remember that in a blood stream the serum pro-
teins, such as albumine, immunoglobulins, pro-
teins of complement system, fibrinogen, 
apolipoprotein, transferrin, hemoglobin envelop 
nanoparticles, causing their aggregation and form-
ing a so-called “protein crown” [10]. It not only 
significantly increases the hydrodynamic diameter 
of QDs, but also carries out a peculiar role of 
“Trojan Horse”, causing capture of nanoparticles 
by the mechanism of classical endocytosis [11]. It 
occurs first of all because “the protein crown” 
includes such classical opsonin as immunoglobu-
lins and proteins of complement system in the 
structure. All features of QD interaction with liv-
ing systems should be considered at synthesis of 
nanoparticles for medical and biological use.

19.3  The Prospects of QDs 
Modification for Biomedical 
Use

To maintain the smallest possible QD hydrody-
namic diameter and at the same time not to lose 
the possibility of samples multiplex marking 
(now the wavelength of QD emission is regulated 
generally by the QD size (Fig. 19.3), it is sug-
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Fig. 19.3 Dependence of emission (in the visible light) from the size of quantum dots
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gested to use CdSexS1−x, CdTexSe1−x, HgxCd1−xTe 
and HgxCd1−xSe cores instead of a classical CdSe 
core. It will allow to maintain constant and small 
diameter of QDs core, and to carry out fluores-
cence control by means of variations of core 
chemical composition.

Traditional cores are used as germinal struc-
tures for cultivation of QDs analogs of various 
form: rods, hexagonal, tetrapodal and star-like 
structures.

Use of polydentate ligands, which unlike clas-
sical ones (PEG and others) do not move from 
QDs surface outside but “envelop”, promote QDs 
small size maintenance. Polydentate ligands use 
has the following advantages:

 (i) The hydrophobic barrier layer is excluded;
 (ii) QDs small hydrodynamic diameter remains;
 (iii) High colloidal stability, resistance to photo-

bleaching is provided;
 (iv) High quantum yield is maintained;
 (v) Due to QDs “enveloping” its nonspecific 

binding with organic molecules is excluded;
 (vi) Preservation of small hydrodynamic diame-

ter provides rapid renal clearance.

One of the main directions is modification of QDs 
chemistry for the decrease toxic effects, while 
preserving QDs unique optical properties [12].

19.4  Uses of QDs in Biology 
and Medicine

The point of the greatest interest for researchers 
is the possibility to study various biochemical, 
physical, kinetic processes in cells or the whole 
body by means of fluorescent marks. The exist-
ing organic fluorophors are of limited use owing 
to such restrictions as fast photobleaching, wide 
range of emission and necessity for constant 
selection of a suitable source of excitement. QDs 
do not have these disadvantages. The main 
advantages and disadvantages of QDs use in biol-
ogy and medicine are summarized in Table 19.1.

QDs are used in classical biology for studying 
transport mechanisms in a cell [13], including 
endocytosis [14], functional heterogeneity of cells 

[15], diffusion movements of membrane transport 
proteins [16], intracellular organelle marking 
[17]. In medicine QDs are used for contrasting of 
blood and lymph vessels (including microvessels) 
[18], but first of all for multiplex molecular diag-
nostics and visualization in vivo [19–23].

One of earliest studies devoted to a possibility 
of QDs use for molecular diagnostics showed 
that conjugation of peptides with QDs leads to 
their selective accumulation in vessels of tumors 
and other tissues [23]. Later the studies showing 
a possibility of “QDs-peptide” conjugates use for 
specific visualization of tissues in vivo were per-
formed. Thus, in the work by Cai et al. [24] QDs 
conjugated with tripeptide arg-gly-asp were used 
[24]. The last is an antagonist of the integrin avβ3 
which, in turn, is selectively expressed on the sur-
face of tumor cells and vessels. As a result of 
intravenous administration of conjugates of QDs 
with the specified tripeptide it was possible to get 
an ideal fluorescent picture of hypodermic glio-
blastoma in mice in vivo. QDs were also conju-
gated with monoclonal antibodies to membrane 
prostate-specific antigen for detection of a pros-
tate cancer in mice in vivo [25]. In other study, 
QDs conjugates with antibodies against an 
α-fetoprotein were used to diagnose hepatoma  
in vivo [26]. The conjugates have to specifically 
interact with the target and do so in a stable man-
ner, whilst possessing a low level of nonspecific 
binding [27]. Tada et al. [28], using a method of 
high-speed confocal microscopy of a skin fold, 
studied the movement of a single QD conjugated 
with an antibody to HER-2 in mice with breast 
cancer: QD circulation in blood vessel lumen, 
QD extravazation, its binding with a membrane 
antigen and the movement from tumor cell mem-
brane to perinuclear zone were observed [28]. 
QDs enable not only to localize a tumor in the 
organism, but also to estimate the level of expres-
sion of various proteins, as well as the activity of 
individual cells and the processes that have an 
impact on tumor behavior and its response to the 
action of therapeutic agents [27]. The receptor 
part of signal proteins that are overexpressed on 
tumor cell membranes is used most often as a 
specific target. The level of expression of these 
cellular molecular oncomarkers, determined 
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directly in the tumor tissue, characterizes the 
molecular profile of each individual tumor and is 
used to determine the immune status of the tumor 
and the individualization of therapeutic treatment 
[29]. But QDs can be using not only for specific 
diagnostic in target system, but also for nonspe-

cific estimation of cancer cells motility and 
migration which are associated with metastases 
and the formation of secondary tumors. The cells 
nonspecifically incorporate QDs as they crawl 
over them, leaving behind QDs free zones repre-
senting the pattern of phagokinetic uptake of 
QDs [30]. Cancer cells uptake QDs more actively 
than normal cells. In particular, MDA-MB-231 
tumor cells uptake more QDs than nontumori-
genic MCF 10A cells [31].

Due to high quantum yield, QDs can be used 
not only for diagnostics, but also for photody-
namic therapy of malignancies. Thus, QDs are 
bifunctional agents (therapeutic + diagnos-
tic = theranostic). As antibodies, which carry 
out target delivery of QDs to tumor specific 
antigens (and sometimes in are therapeutic 
agents themselves) are not always type-specific; 
they are, as a rule, highly immunogenic. 
Therefore, it is well to use low-immunogenic 
specific molecules for target delivery. They can 
be covalent-bound with QDs, or connected via 
adapters. In case of large molecules (immuno-
globulins), the probability of conformational 
changes of a molecule due to covalent binding 
with QDs is unlikely, while in case of small 
molecules use of adapter is essential for preser-
vation of specificity and affinity of interaction. 
Biotin-streptavidin or barnase- barstar can be 
used as adapters (“molecular zipping”) [27]. 
Now modular systems of delivery are being 
developed. For example, in work Wang et al. 
[32] reported on the synthesis of the multifunc-
tional module uniting QDs (detection), mag-
netic nanoparticles (targeting in magnetic field) 
and paxitacel (the therapeutic agent) [32]. 
Biotin, which specifically binds with biotin 
receptor hyperexpressing on the surface of a 
malignantly transformed cell, may be used as a 
target molecule in such module. Bagalkot et al. 
[33] presented a novel and simple proof of con-
cept QD-aptamer conjugate that can image and 
deliver anticancer drugs to prostate cancer cells 
and sense the delivery of drugs to the targeted 
tumor cells based on the mechanism of fluores-
cence resonance energy transfer (FRET) [33]. 
Their conjugate is comprised of three 
components:

Table 19.1 Advantages and shortcomings of quantum 
dots of biomedical practice

Advantages of quantum 
dots

Disadvantages of quantum 
dots

High photostability, 
resistance to 
photobleaching is 
100–1000 times higher, 
than at organic 
fluorophores

Multiexponential decline 
of fluorescence and 
blinking of separate QDs

Narrow and symmetric 
peak of emission, Stokes’ 
shift more than 200 nm 
(ease to detection)

High background level of 
deduction and 
accumulation of QDs in 
reticuloendothelial system

High quantum yield, 
long lifetime

Instability and increase 
hydrodynamic diameter 
after interaction with the 
serum proteins

Possibility of emission 
control by changing QDs 
size and structure 
(Fig. 19.3)

High toxicity of QDs 
when they using in in vivo 
systems

Excitation and emission 
in the visible light range 
(ease to detection), a 
possibility of emission in 
the field of “an optical 
window”

Incomplete elimination of 
QDs after injection into an 
organism

The wide absorption 
spectrum (operability) 
can be pumped up QDs 
of the different size and 
structure, and in a 
biological sample to 
investigate structures, 
marked by QDs of 
different color

Possibility of nonspecific 
binding with any organic 
molecules

Resistance to chemical 
and biological 
degradation

Instability of a colloid 
system of QDs in the wide 
range рН and ionic 
surrounding of the 
solutions that usually the 
main characteristic of 
biological systems

An opportunity to 
functionalized of QDs by 
biomolecules for creating 
of target-delivery system

“Binding” of optical and 
biomedical properties to 
hydrodynamic diameter
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 (i) QDs, which function as fluorescent imaging 
vehicles;

 (ii) RNA aptamers covalently attached to the 
surface of QD, which serve a dual function 
as targeting molecules and as drug carrying 
vehicles;

 (iii) Doxorubicin (Dox), which is a widely used 
anthracycline drug with known fluorescent 
properties that intercalates within the 
double- stranded CG sequences of RNA and 
DNA as a therapeutic agent.

The assembly of this system results in the for-
mation of a Bi-FRET complex: a donor-acceptor 
model FRET between QD and Dox, where the 
fluorescence of QD is quenched as a result of 
Dox absorbance, and a donor-quencher model 
FRET between Dox and aptamer, where Dox is 
quenched by double-stranded RNA aptamer. 
Therefore, both QD and Dox of the conjugate are 
in the fluorescence “OFF” state when the QD-Apt 
is loaded with Dox [QD-Apt(Dox)]. After the 
particle is taken up by targeted cancer cells, Dox 
is gradually released from the conjugate, which 
induces the activation of QD and Dox fluores-
cence to the “ON” state [33]. QDs can be used to 
sensitize either a photodynamic therapy agent via 
a FRET mechanism or molecular oxygen through 
a triplet energy transfer mechanism. 
Photodynamic therapy is a cancer treatment that 
takes advantage of the interaction between light 
and a photosensitizing agent to initiate apoptosis 
of cancer cells. The photosensitizing agent 
becomes activated by light but does not react 
directly with cells and tissues. Instead, it trans-
fers its triplet state energy to nearby oxygen mol-
ecules to form reactive singlet oxygen (1O2) 
species, which cause cytotoxic reactions in the 
cells [34, 35]. Also QDs may increase therapeutic 
efficiency of radiotherapy by selectively scatter-
ing and/or absorbing X-rays and gamma rays 
causing localized damage to DNA and other tar-
geted organelles of cancer cells and thus decreas-
ing total radiation dose to minimize side effects 
of ionizing radiation on cancer patients [36]. 
Toxically potential of QDs also can be used for 
cancer treatment, because this kind of nanoparti-
cles causes epigenetic changes. Choi et al. [37] 

showed that exposure of MCF-7 cells to hardly 
detectable intracellular QDs can cause epigenetic 
changes and trigger p53 posttranslational modifi-
cations and its translocation to mitochondria 
[37]. The activation of p53 results in upregulation 
of several p53-regulated proapoptotic genes: 
Puma, Noxa, and Bax. Thus, there are many dif-
ferent approaches for using QDs in the diagnosis 
and therapy of cancer. Depending on the deliver-
ing system, QDs can penetrate into the cell or 
localize only on their membrane. Total use of 
QDs for the diagnosis and treatment of cancer in 
dependence of the localization of the nanoparti-
cles is shown in Fig. 19.4.

Unfortunately, tissue vital fluorescent diag-
nostics by means of QDs, which has been suc-
cessfully demonstrated in several works for small 
laboratory animals, cannot be directly extrapo-
lated to clinical practice because of the limited 
depth of optical signal penetration. In medicine, 
this technique can be used for identification of 
superficial tissue formations (skin and subcutane-
ous tumors), intraoperative diagnostics and visu-
alization of the zones available at endoscopy 
[38]. QDs blinking caused by sporadic changes 
of radiating and nonradiating QDs state is another 
its drawback [39]. Blinking results in a rupture of 
QDs fluorescence which is especially important 
in the field of detection of one molecule, one 
QD. In some cases, for example, in immunocyto-
logic studies, rupture in fluorescence helps to dis-
tinguish the signal coming from QDs from the 
signal received as an artifact. Hohng and Ha [40] 
assumed that QDs blinking can be suppressed as 
a result of passivation of QDs surface by thiol 
groups [40].

The interesting way of QDs use in ophthal-
mology is described in works of Chashchin et al. 
[41, 42]. QDs is suggested to be used for visual-
ization of a vitreous body and epiretinal mem-
branes at vitreoretinal interventions, for delivery 
medicines to eye tissues, including to the retina 
and cornea. The authors synthesized QDs on the 
basis of indium phosphide and intend to use them 
for retina photoreceptors stimulation in treatment 
of such pathologies as a pigmented retinitis, ret-
ina detachment, diabetic retinopathy and a macu-
lar degeneration.
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One of the main QDs disadvantages is their 
high toxicity described in many works [43, 44]. 
It is the main limiting factor for QDs use in med-
icine, however it is possible to use all QDs 
advantages in developing diagnostic systems  
in vitro. In particular, QD are used for the devel-
opment of diagnostic test systems, and with their 
help, the following substances have already been 
detected: chloramphenicol in milk and IgE in 
blood serum [45], sulfamethazine in chicken 
meat [46], chlorpyriphos in drinking water [47], 
Listeria monocytogenes surface antigens [48], 
clenbuterol in pig urine [49], progesterone in 
cow milk [50]. However, despite great advantage 
of QDs conjugate use with organic molecules, in 
the immunoenzymatic and  immunocytochemistry 

immunoassay, the work by Korzhevsky et al. 
[51] reveals a number of drawbacks of QDs con-
jugation with streptavidin: its less stability at 
long- term storage in comparison with organic 
fluorochrome conjugates, poor aliquot reagents 
preservation, impossibility of long preservation 
of fluorescence of stained preparations at stor-
age, incompatibility with a number of the com-
mercial media intended for keeping of drugs.

QDs use in protein and DNA-biochips allow 
not only to improve significantly the sensitivity 
of diagnostic test systems (for example, protein 
biochips are more sensitive two orders of 
 magnitude than a traditional solid-phase enzyme 
multiplied immunoassay), but also to perform 
breakthrough functional studies in the field of 
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Fig. 19.4 Using of QDs for diagnostics (upper line) and 
therapy (lower line) of cancer: the upper left square-QDs 
due to specific delivery system bind to oncomarkers on 
the membranes of tumor cells, and after excitation, 
narrow- band diagnostic emission is observed, which 
allows localizing the tumor. This system is also used to 
assess the expression density of tumor markers; the upper 
right square–QDs can penetrate non specifically, directly 
into the malignant cell, depending on the degree of aggre-

gation of nanoparticles, it can be raft-dependent, caveo-
lae- dependent, clathrin-dependent, or independent 
penetration; the lower left square – the total possible ther-
apeutic effect of QDs specifically interaction through anti-
bodies with malignant cell oncomarkers (toxic effects, 
hyperthermic effects, sensitizing effects for photodynamic 
and radiotherapy); the lower right square – realization 
FRET and drug-delivery strategy into malignant cell by 
QDs
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genomics and proteomics. Thus, using of protein 
biochips it is possible to find and identify pro-
teins and peptides in a proteome, carry out func-
tional analysis of proteins and determine profiles 
of their expression and the level of their phos-
phorylation. Biochips are used for determining 
biochemical activity of a proteome, including 
interactions of protein-protein, protein-nucleic 
acids, protein-phospholipids, protein-drug sub-
stances. Additional intensity of fluorescence is 
achieved by the use of adapters [52].

Relatively large total area of the surface, com-
bined with the universal controlled chemistry 
makes QDs the best decision in the field of devel-
opment of selectively acting nanodrugs. QDs 
physical and chemical properties, including size, 
form, surface charge and type of covering, play an 
important role in definition and forecasting vari-
ants of cellular internalization, pharmacokinetics 
and biodistribution of certain QDs kinds. Knowing 
main mechanisms of internalization and tracing 
of nanoparticles, it is possible to evaluate their 
biological compatibility and safety [53, 54].

Nabiev et al. [55] revealed dependence of QDs 
endocytosis and intracellular tracing on their 
size. QDs CdSe were quickly absorbed by mac-
rophages and depending on their size accumu-
lated in different cellular compartments. The 
smallest green QDs were localized mainly in 
nuclei and nucleolus, and the process of absorp-
tion was multistage, including endocytosis, active 
cytoplasmic transport and entering the nucleus 
through nuclear pores. Red QDs concentrated in 
cell cytoplasm. In the study of CdTe QDs during 
their incubation with N9 microglial cells, Lovrić 
et al. [56] revealed a similar dependence of CdTe 
QDs distribution on their size: small-sized QDs 
with green fluorescence (2.2 ± 0.1 nm in diame-
ter) concentrated in the nucleus and near it after 
1 h of incubation, and large-sized QDs with red 
fluorescence (5.2 ± 0.1 nm in diameter) were 
found in the cytosol and did not enter the nucleus. 
QDs of the small size can easier enter into the 
nuclei and other compartments of cells, than a 
nanoparticle of the larger size. To test this hypoth-
esis, QDs with green fluorescence were covered 
with BSA. As a result, QDs size increased, and 
they no longer entered into the nuclei. In other 

studies it was shown that, the size of  nanoparticles 
significantly influence the binding and activation 
of membrane receptors, and the subsequent pro-
tein expression [57].

The possible explanation of the fact that 
nanoparticle internalization kinetics depends on 
the size of nanoparticles is that multivalent 
cation- active QD interactions with cells are more 
easily available to particles with the larger sur-
face of contact, than to the particles with a smaller 
one. Champion and Mitragotri [54] showed by an 
example of alveolar macrophages that phagocy-
tosis of polystyrene particles is influenced by a 
form, but not by the size. However, it is known 
that particle size primarily influences on phago-
cytosis completeness by cells.

Equally important characteristic of QDs is the 
charge on their surface, because at the initial 
stage of their contact with a negatively charged 
cell membrane electrostatic forces arise, which 
can prevent internalization of QDs by the cells. 
Shan et al. [58] showed that with QD surface cov-
ered with carboxyl groups, no endocytosis was 
observed. This allowed suggesting that positively 
charged QDs are uptake due to electrostatic inter-
actions with a negatively charged HeLa cell 
membrane. Using the method of atomic force 
microscopy they showed that for absorption of 
one QD by a cell 0.4 s are enough [58]. However, 
in work by Hoshino et al. [59] it was shown that 
QDs carboxylated on a surface uptake the mouse 
EL-4 cells by endocytosis. Besides, Jaiswal et al. 
[60] revealed that negatively charged QDs CdSe/
ZnS-dihydrolipoic acid are easily absorbed by 
mammal cells. Nabiev et al. [55] not only discov-
ered endocytosis of the negatively charged CdTe- 
thioglycolic acid QDs by cells, but also 
demonstrated that after absorption intracellular 
QD transport does not stop in lysosomes. This 
QDs type enters into cytoplasm and accumulates 
in perinuclear area. Cationic particles can bind 
with negatively charged groups on cell surfaces 
(for example, by sialic acid) and to travel through 
the plasma membrane, unlike low level of 
 interaction and internalization by the cells of 
neutral and negatively charged particles. Harush-
Frenkel et al. [61] studied endocytosis mecha-
nisms of the charged particles. Their results 
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showed that negatively charged nanoparticles are 
less effectively uptake by the cells whereas posi-
tively charged particles are uptake quickly. 
Besides, at inhibition of clathrin-dependent way 
of absorption in cells, internalization of posi-
tively charged particles proceeds on compensa-
tion ways with high speed.

Size, form, and charge of nanomaterials con-
tribute significantly to their interaction with the 
cells. However, functional groups on QDs sur-
face determine many important properties of 
nanomaterials, such as solubility and ability to 
interact with cell surface. As a rule, nanomaterial 
incubation in the cells media leads to plasma and/
or proteins adsorption on nanoparticles surface 
[62]. As a result, QDs endocytosis can proceed 
by a receptor-mediated way. However, protein 
adsorption on the surface can lead to agglomera-
tion of nanoparticles and their removal into retic-
uloendothelial system. Nonspecific interactions 
can also lead to nanoparticles binding with a cel-
lular membrane that will make marking and 
detection inefficient. To avoid such problems, 
QDs can be covered with neutral ligands (for 
example, PEG) which do not interact with pro-
teins. When comparing QDs covered and not 
covered with PEG it was found that in the latter 
endocytosis was higher [63].

Thus, development of new approaches to QDs 
synthesis and covering will promote not only 
their use as fluorescent markers in diagnostic test 
systems and experimental biology, but also will 
allow use them in therapeutic systems in vivo.
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