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Preface

The nanoscience revolution started in the 1990s, with this emerging area of science having
the potential to generate radical new products and processes. It has been estimated that pro-
duction of nanomaterials will increase by 2020 to 25 times what it is today. Nanoparticles
have dimensions ranging from 1 to 100 nanometers, and they present physicochemical char-
acteristics and coatings that impart upon them unique electrical, thermal, mechanical, and
imaging properties that make them highly attractive for applications within the commercial,
pharmaceutical, medical, food packaging, cosmetics, household appliance, and environmen-
tal sectors. Today, the challenge to create awareness and gain acceptance of the use of nano-
materials in an extensive range of available products, including specifically those
engineered for applications in human welfare, has issued serious public concern, mostly re-
lated to their use. Potential occupational and public exposure to nanomaterials will increase
considerably due to the ability of nanoparticles to improve the quality and the performance
of many daily consumer products as well as the development of medical therapies and tests
that use nanoparticles. Now, they represent an imperative research target for discovering
whether they represent a potential hazard to human health and the environment.

In recent years, proactive multidisciplinary research initiatives have been established by reg-
ulatory institutions such as the US Environmental Protection Agency, the National Institute
of Environmental Health, and the International Agency of Research on Cancer that are
charged with the protection of human health and the environment, ensuring that the em-
ployment of engineered nanotechnological products can occur without unreasonable harm
to either. Concerns as to the risk of natural and anthropogenic nanomaterials on numerous
parameters, such as physical and chemical properties, uptake, distribution, absorption, and
interactions with organs, the immune system, and the environment, require that the adequa-
cy of current toxicity bioassays for nanoscale materials be assessed to develop an effective
approach for further evaluation of nanomaterial toxicity. Workers who use nanomaterials in
research or in nanotechnology-related industries may be exposed to several nanoparticles
through dermal contact, inhalation, or ingestion, depending upon how these workers use
and handle them. Occupational health risks associated with manufacturing and using nano-
materials are not yet clearly understood. Minimal information is currently available on dom-
inant exposure routes, potential exposure levels, and material toxicity of nanoscale
materials. Although the potential health effects of such exposure are not entirely understood
at this time, research investigations indicate that at least some of these nanomaterials are
biologically active and may readily penetrate intact human epithelium, and they have pro-
duced toxicological reactions in the lungs of exposed experimental animals. There is general
recognition that the in vitro, in vivo, and in silico testing strategies and safety assessments
currently in place can be used as well for nanomaterials as for any other chemicals to obtain
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relevant data to develop guidelines for regulating the exposure of nanomaterials in the envi-
ronment.

Research in the field of emerging nanomaterials and nanotechnologies is of increasing im-
portance; most scientific databases reveal increasing numbers of publications such as books,
papers, reviews, and even patents, and there is an increasing market share of nanotechnolo-
gy products in the thousands of billon US dollars worldwide. Furthermore, the number of
publications on the topic of nanomaterials has increased at an almost exponential rate since
the early 1990s, reaching about 192,000 in the year 2014, as indicated by a search on the Sco-
pus database. However, more efforts are clearly needed to improve the toxicity screening of
the increasing number of nanomaterials.

This book, Nanomaterials - Toxicity and Risk Assessment , consisting of nine chapters, is a col-
lection of current research and information on numerous advances on the toxicity and haz-
ardous effects of nanomaterials, including theoretical and experimental approaches as well
as nanotechnology applications in the field of medicine, pharmacology, and the manufac-
ture of nanoscale materials. Based on the large number of nanomaterial applications, a care-
ful understanding of the associated systemic and local toxicity is critically required.

We aimed to compress information from a diversity of sources into a single volume. The first
chapter includes details of the advances in the field of nanoparticle-mediated cancer treatment,
with special attention devoted to the use of magnetite and silver nanoparticles. The second
chapter is a comprehensive review of recent developments and an outline of future strategies
for nanotechnology-based medicines requested by the National Cancer Institute, with special
attention on in vivo and in vitro trial systems employing biocompatibility and immunological
studies. The third chapter provides a good review summarizing the current literature dealing
with the direct interaction of nanoparticles with human neutrophils as well as recent data show-
ing the murine air pouch model of inflammation for evaluation of nanoparticle toxicity. The
fourth and fifth chapters of this book provide, respectively, an in vitro chronic study on respira-
tory cells exposed to nanoparticles to study the physiologically relevant exposure of prolonged
contact to nanoparticles by respiratory exposure and a detailed update of in vivo and in vitro
methodologies in nanomaterial toxicity evaluation, focusing on different testing strategies cur-
rently in place to find the appropriate analysis methods and the cautions that should be taken in
the design of experiments that will contribute to the better understanding of the mechanisms of
nanomaterial toxicity. The sixth chapter provides an in vitro study employing single-walled
carbon nanohorns for the estimation of several cytotoxic parameters on human liver cell lines,
with special emphasis on the apoptosis mechanism observed in metabolically active liver-like
HepG2 cells. The seventh chapter highlights the current progress in the genotoxicity evaluation
of engineered nanomaterials with a focus on results from standard genotoxicity bioassays, pos-
sible mechanisms underlying the genotoxicity of engineered nanomaterials, the suitability of
current genotoxicity bioassays for engineered nanomaterial evaluation, and the application of
engineered nanomaterial genotoxicity data for risk assessment. The eighth chapter includes the
advances in medical aspects related to the nanomaterial toxicity. Finally, the last chapter ad-
dresses investigations into the manufacture of several kinds of nanocomposites, e.g., gold
nanoparticles, inorganic—organic hybrid composites, graphene oxide nanocomposites, and su-
pramolecular gels via functionalized imide amphiphiles/binary mixtures, focusing on the po-
tential perspective for the design and fabrication of new nanomaterials and nanocomposites.
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This book will serve as a textbook for the research community, academia, and the industry
and will provide up-to-date state-of-the-art information presented by recognized interna-
tional experts in the field of nanotoxicology. They have contributed to the publication of this
book of high importance to researchers, scientists, engineers, and graduate students who
make use of these different investigations to understand the hazard implications in the use
of manufactured and natural nanomaterials. Finally, we expect that the information content
in the present book will continue to meet the expectations and needs of all interested in the
different aspects of human and environmental risk toxicities associated with exposure to
nanomaterials. The publishing Web platform provided by the publisher InTech is gratefully
acknowledged.

Sonia Soloneski and Marcelo L. Larramendy
School of Natural Sciences and Museum
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Chapter 1

Advances in Cancer Treatment: Role of Nanoparticles

Denisa Ficai, Anton Ficai and Ecaterina Andronescu

Additional information is available at the end of the chapter

Abstract

This chapter is devoted to the advances in the field of nanoparticles-mediated cancer
treatment. A special attention is devoted to the use of magnetite and silver nanopar-
ticles. The synthesis and properties of Fe;O, and Ag nanoparticles as contrast or
antitumoral agents as monolith or component of more complex systems such as
polymer matrix composite materials based on: polymers (chitosan, collagen, poly-
ethylene glycol, polyacrylates, and polymethacrylates, polylactic acid, etc.) and
various antitumoral agents (cytostatics, natural agents and even nanoparticles-
magnetite, silver, or gold) are discussed. Special attention is paid for the benefits and
risks of using silver and magnetite nanoparticles. In both cases, the discussion focuses
on aspectsrelated to diagnosis and treatment of cancer. The influence of size and shape
[1-3] is important from the materials characteristics as well as from the biological
points of view. The role of magnetite is also analyzed from the point of view of its
influence on the delivery of different components of interests (antitumoral compo-
nents, analgesics/anti-inflammatory agents, etc.). The potentiating effect of the

nanoparticles over the cytostatics and natural components is highlighted.

Keywords: cancer, magnetite, silver nanoparticles, diagnosis and treatment, hyper-

thermia, drug delivery

1. Introduction

Cancer is a real problem of our century and one of the leading causes of death, accounting for
one of eight deaths occurring worldwide [4, 5]. Based on the actual data, the International
Agency for Research on Cancer (IARC) estimates ~13.1 million deaths associated to cancer by

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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2030. It is becoming clear for many researchers that the low survival rate is due to the lack of
adequate drug delivery systems and not due to the lack of potent, natural, or synthetic
antitumoral agents. Therefore, there is a real need to develop carriers and delivery systems
which would be able to deliver the chemotherapeutic agents only at the specific target site and
improve the efficiency of treatment and consequently limiting the unwanted systemic side
effects [6]. Cancer is characterized by rapid, uncontrolled cell differentiation. Due to the fast
cell differentiations, the tumor grows fast but the angiogenesis is slower and consequently
nonmatured or formative vasculature is characteristic for these tumoral tissues. This is why
nanoparticles are able to penetrate the cancer tissue through the leaky vasculature, whereas
tight junctions between endothelial cells in healthy tissue do not allow the penetration [7].
Furthermore, cancer tissue lacks a well-formed lymphatic circulation which is responsible for
tissue homeostasis. This leads to enhanced retention of particles in cancer tissue. This phe-
nomenon in cancer is called enhanced permeation and retention (EPR) effect. The size of the
drug carrier system plays an important role in retention process [8, 9]. Consequently, the use
of nanoparticles could be a great opportunity for the treatment of cancer.

Cancer that begins in bone tissue is rare in adults and increases in importance in young people.
Bone cancer treatment is a real challenge in this century. It affects especially children and young
people/teenagers (10-20 years) — up to 4-7% of all cancers — and rarely appears in old people
(less than 0.2% of all cancers) [10-12]. Malignant primary bone tumors are usually associated
with an aggressive growth [12]. One of the most common forms of primary bone cancer is
osteosarcoma (which counts for ~35.1% of primary bone cancer). In many cases, bone cancer
treatment involves surgery, radio- and chemotherapy, even if many unconventional therapies
are available; some of the most studied being hyperthermia and photothermia as well as the
use of different nanoparticles due too their intrinsic antitumoral activity. Some of our previous
works proved the possibility of combining surgery with hyperthermia [13], surgery with
chemotherapy [14, 15], as well as surgery with hyperthermia and with antitumoral nanopar-
ticles [16]. The use of these nanoparticles is beneficial because it can lead to a decrease in the
amount of cytostatics and consequently lower systemic toxicity due to the use of cytostatics.
Beside the treatment, special attention is paid to pain management. In all phases of cancer, the
management of pain is present, the analgesics used being gradually changed from mild
analgesics to even opioids, especially in the advanced forms of cancer when the treatment is
shifted from cure to palliation [17].

Bone cancer treatment involves a different approach compared to other types of cancer
especially due to the particularities of the bony tissue. The most important characteristic of the
bone tissue, which affects bone cancer treatment, is the low diffusivity of the antitumoral
agents inside the tumoral tissue as well as the low penetration ability of different radiations
into the bony tissue [18].

Over the past decades, developments in polymer as well as in nanoparticles chemistry have
allowed synthesis and conjugation of functionalities which can respond to stimuli. This is an
important advance in the field of cancer treatment because it allows not only a passive targeting
strategy but also an active targeting strategy by using carrier-monoclonal antibody conjugates
and carrier-ligand conjugates, which can be activated at desired moment/site. The stimuli-
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responsive polymers can be used in order to design various carrier systems such as micelles,
vesicles, liposomes, gels, micro- and nanospheres, micro- and nanoparticles, and core-shell
structures [5, 19].

Nanoscience and nanotechnologies are of high interest for researchers from all fields of science
allowing exciting opportunities from industry to (nano)medicine, but also unsuspected
menace. In most fields, the researches in the field of nanomaterials and nanotechnologies are
of increasing importance, the most scientific database revealing increasing number of publi-
cations (papers, reviews or even patents) [20, 21], especially increasing market share of the
nanotechnology products of thousands of billion Euros [22]. A rational use of the nanotech-
nologies/nanomaterials must be laid down in order to optimize the opportunities/risks ratio.
In the case of cancer and other deadly diseases, higher risks can be assumed in their treatment.

It is well known that there are a lot of “smart polymers” which are stimuli-responsive
polymers. They can be “activated” by pH, temperature, light, electric field or even by dual
stimuli like pH and ionic strength, pH and redox, pH and temperature, etc. [5, 23], as presented
in Scheme 1.

Temperature-responsive polymers:
¢ Poly(N-isopropylacrylamide);
¢ Poly(N-vinylcaprolactam);
¢ Polylactic acid

Light
sensitive

pH-sensitive

Ultrasound-
sensitive

Electric-field
sensitive

pH-responsive polymers:
o Poly(acrylic acid);
¢ Poly(methacrylic acid);
Poly(lactic-co-glycolic)-polyethylene glycol
Poly(acetoacetoxyethyl methacrylate);
Poly[2-(diisopropylamino)ethyl methacrylate];
o Poly(hexyl methacrylate);
¢ Poly[2-(dimethylamine)ethyl methacrylate)
o poly(methacrylic acid-co-acrylic acid)-co-
polyvinyl-pyrrolidone;
o 2-(N,N-diethylamino)ethyl methacrylate;

Redox-
sensive

emperature
sensitive

Dual sensitive
pH+ionic strength
pH+temperature

Poly-sensitive
polymer based
systems

Light-responsive polymers:
¢ Poly(N,N-dimethylacrylamide-co-4-phenyl-azophenyl acrylate);
e Poly(N,N-dimethyl acrylamide-co-4-phenyl-azophenyl acrylamide);

Electric field-responsive polymers:
e Poly(dimethylsiloxane);
e Poly[2-(methacryloyloxy)ethyl phosphorylcholine];
o Poly(ethylenediamine-co-1,10-bis(chloro-carbonyl)decane);

Dual-responsive polymers:
e Poly(acrylic acid-graft-vinylidenefluoride) - pH and ionic strength.

Sheme 1. Classes of stimuli-responsive polymers and some of their major representative polymers
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However, in most cases, the delivery mechanism is very complex; the contribution of several
mechanisms has to be considered. The influence of the temperature, for instance, is important.
For instance, even for the non-thermo-sensitive systems the temperature plays an important
role, the delivery being influenced. Usually, the temperature can influence the solubility of the
drug (usually increasing temperature leads to increased solubility) as well as the mobility/
diffusion of the drug (usually these properties increase with the temperature). Similarly, the
pH can influence the solubility of the drugs and consequently influence the delivery rate of
the active components.

2. Role of magnetite in cancer treatment

Magnetite is widely used in the medical field, being recommended due its native magnetic
properties —magnetically guiding possibility, hyperthermia generating property, high loading
capacity of many biological active agents, etc. Magnetic systems offer attractive diagnostic and
treatment possibilities and consequently there are increasingly studied for a lot of biomedical
applications. Superparamagnetic iron oxide nanoparticles (the so-called SPIONs) are usually
used for inducing magnetic-field-responsive functionality of drug delivery systems. For this
purpose, magnetite and/or maghemite can be further coated with a proper hydrophilic shell.
The presence of the shell can dramatically change the properties of the magnetite, making it
suitable for a wide range of medical and nonmedical applications. The main applications of
magnetite and magnetite-based materials are presented in Scheme 2.

Applications of magnetite and magnetite-based materials

Biomedical applications o Tissue engineering [26]

e Magnetic resonance imaging (MRI) [24-26] Nonmedical applications

e Biosensor and bioseparation, including ¢ Permanent magnets
DNA separation and isolation [26, 27] o Ferrofluids for mechano-electrical
¢ Magnetic manipulation of biomolecules applications
[25] ¢ Environmental contaminant (organic
e Drug and gene delivery [28] and inorganic) removal [30, 31]
e Drug transport [11, 29] ¢ Magnetic sealing [32]
e Cancer therapy by hyperthermia [26] e Dampening and cooling mechanisms
magnetocytolysis in loudspeakers

Sheme 2. Applications of magnetite

2.1. Magnetic materials as contrast agents

Iron oxide nanoparticles have been extensively studied as contrast agents for cancer detection
and monitoring by MRI They generally produce enhanced proton relaxation rates at signifi-
cantly lower doses than paramagnetic ions (Gd*, for instance) because of their larger magnetic
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moment, and they provide negative (dark) contrast by enhancing T, relaxivity of water
protons.

(Ultrasmall) Super Paramagnetic Iron Oxides are often used for magnetic resonance imaging
—MRI. They consist of iron oxide cores, covered by different hydrophilic macromolecules, for
example, dextran. Their synthesis is generally realized in one step alkaline precipitation
starting from Fe* and Fe* aqueous precursors. The shell has three main roles: limit the
magnetic core growth during the synthesis, limit the agglomeration due to the sterical
repulsion due to the charged nature of the shell, and reduce the in vivo opsonization process.
In fact, usually these core-shell structures consist of several magnetic cores, more or less
aggregated, embedded into a hydrophilic macromolecules, which are sometimes cross-linked
in a second step for enhancing the mechanical entrapment [33, 34].

2.2. Magnetic supports for drug delivery systems

Magnetite is widely used for obtaining drug delivery systems because it is a good sorbent; it
can be functionalized; and can bind by covalent bonds different drugs, but also because it can
be guided in magnetic field into the tumor (tumoral tissue/organ). The magnetically targeted
drug delivery involves the loading of the magnetic nanoparticles with the antitumoral drug
and the implanting of these magnetite-based nanoparticles into or in the proximity of the tumor
or to inject these nanoparticles in the patient body via the circulatory system. Then, the
magnetic nanoparticles are concentrated into the tumor by using adequate magnetic field. In
this case, the delivery will occur mainly into the tumor and, consequently, the systemic toxicity
will be low [35].

The mechanism of delivery can function differently, depending on the internal and external
factors, as schematically represented in Scheme 3. These delivery mechanisms can be generally
considered for any delivery system as also for magnetic drug delivery systems.

pH-triggered delivery is an essential issue in many medical applications because in many
diseases pH changes occur, or once introduced into the body, the delivery must happen at a
certain pH which corresponds to the pH of the desired tissue/organ. As presented in Scheme
1, there are a lot of pH-sensitive polymers.

Core-shell structures are often used as drug delivery systems. In the case of magnetite, the
extensive use of core-shell structures is explained based on the low chemical stability of the
magnetite as well as due to the nonspecific adsorption of plasma proteins and a rapid clearance
of the particles by the immune system. The presence of different shells can lead to a strong
modification of the surface properties of these micro- and nanostructured particles, which
makes these materials suitable for biomedical applications. Both organic and inorganic
coatings are extensively studied [41, 42].

Chitosan-based magnetic materials are often used as drug delivery systems of different drugs,
including cytostatics. The polycationic structure of chitosan is proved to be effective as an
antimicrobial agent as well as carrier and delivery systems. Many chitosan-based magnetic
drug delivery systems for cancer treatment were developed during the time. Chitosan-coated
magnetite for camptothecin release was obtained via typical precipitation/absorption route.

5
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Delivery mechanism

Factors affecting the delivery [5, 16, 35-40]

Osmotic-controlled
delivery

The osmotic-controlled delivery is the simplest mechanism of delivery, the drugs being
delivered due to the different osmotic concentrations between the drug delivery system and
the surrounding environment. Most of the drug delivery systems involve this mechanism, its
share in the overall release process being variable.

Enzymatic-triggered
delivery

This mechanism is especially important in the case of covalently bonded drugs. In this case,
existent enzyme must recognize the support-drug bond and once the bond is broken the drug
is free and can manifest its specific antitumoral activity. Proteases, hydrolyses, as well as
other enzymes can be involved in the support-drug bond breaking. In certain conditions, the
enzyme can be also introduced into the body, since the magnetic materials is accumulated
into the desired organ/tissue.

pH-triggered delivery

pH-triggered delivery is often essential for medical applications, especially when the targeted
application is related to the digestive tract, including the treatment of different forms of
digestive-tube-associated cancers. The pH of the digestive tract is between 1 and 3 (in
stomach) and over 8-9. In these conditions, the targeted delivery in stomach or intestines can
be induced by designing drug delivery systems with pH-sensitive polymers. Such systems
are also used for orally administered cytostatics delivery when protective measures have to
be taken because of sensitive cytostatics (proteases from stomach could destroy the
antitumoral agent).

Temperature-
triggered delivery
(including  magnetic
control due to the
produced
hyperthermia)

Temperature is an essential factor that influences the delivery of biological active agents,
including cytostatics. Many formulations were proposed and tested at preclinical and clinical
levels. In cancer, temperature can be considered as an internal factor because the tumor cells
are in continuous replication and proliferation and consequently energy release is happen,
even if the temperature increase is not very high. Also, especially in cancer treatment, the
temperature can be considered external factor/stimuli because the intentionally produced
temperature/hyperthermia leads to cancer cells death. In these conditions, the produced
temperature is not enough for temperature-responsive systems to be developed. However,
under hyperthermia conditions (an increase of 4-8°C) as well as along with the implantation
or injection of temperature-sensitive systems (the temperature increase can be upto 20°C), the
temperature increase is enough to develop temperature-triggered delivery systems.

Electromagnetic-
triggered delivery

External electromagnetic field is applied and, due to the produced hyperthermia, the delivery
rate is increased. Lipid matrices containing dispersed superparamagnetic iron oxide (SPIO)
or other magnetite-based systems were investigated as magnetic field responsive drug
delivery systems. Yi et al. [37] showed that lipid matrices based on myristic alcohol, oleic
acid-coated SPIO particles, and umbelliferone, was able to deliver umbelliferone when
external magnetic field was applied. The delivery is an indirect process which is due to the
heating process and not directly due to the applied alternating magnetic field [38, 39]. In the
case of lipid matrices containing dispersed superparamagnetic iron oxide, once heated the
delivered heat leads to phase change in the lipid matrix and, along with melting, drug release
is dramatically increased.

When composite materials based on magnetite and cytostatics are obtained, the delivery is
assured by the increasing diffusion induced by the increasing temperature. It was showed
that once the alternating electromagnetic field was applied, the delivery rate increased [16].

Dual or poly-sensitive
delivery

There are a lot of complex systems able to respond to two or even more factors. Usually, the
increasing number of components can lead to an increasing number of factors of controlling
the delivery. Usually, combining polymers from two independent classes allows a dual
delivery control. The same observation is correct when using magnetic nanoparticles and
polymers from certain classes. Magnetic control is very important because can assure
“targeted delivery: as well as can be used to intensify the delivery rate.

Sheme 3. Delivery mechanism of magnetite or magnetite-based drug delivery systems of cytostatic drugs
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pH-sensitive bond “&=Un-bounded drug

Y Y
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Sheme 4. Schematic representation of the delivery mechanism in pH-sensitive mechanism

Basically, the synthesis consists in magnetite preparation by precipitation followed by chitosan
and camptothecin adsorption from aqueous solution. The thus obtained camptothecin-loaded
magnetic chitosan nanoparticles have spherical shape and a hydrodynamic radius of 65—
280nm and exhibit low cytotoxicity against 7721 liver cancer cells. The in vitro drug release
from these polysaccharide modified magnetic nanoparticles exhibited a steady and sustained
release profile, after 12 h the overall release of camptothecin being ~20% (in 0.001M PBS, pH
=7.4, temperature or 37°C) [43-46].

Zhang and Misra [47] developed anovel magnetic drug targeting carrier consisting of magnetic
nanoparticles encapsulated in dextran-g-poly(N-isopropylacrylamide-co-N,N-dimethylacry-
lamide). This nanostructured system was obtained by functionalization of the magnetic
nanoparticles with 3-mercaptopropionic acid hydrazide (HSCH,CH,CONHNH,) via Fe-S
covalent bonds. The anticancer therapeutic drug, doxorubicin, was attached to the surface of
the functionalized magnetic nanoparticles through an acid-labile hydrazone bond, formed by
the reaction of hydrazide group of 3-mercaptopropionic acid hydrazide with the carbonyl
group of doxorubicin (see Scheme 5).

The developed system is pH-sensitive and could be a valuable system for cancer treatment
when considering the normal pH of the blood (pH=7.4) and the pH of the endosomes of some
cancer cells (pH =~5.0-5.5), since the delivery is faster under acidic conditions. This means that
targeted delivery will be obtained in the acidic regions corresponding to the tumor sites.
Furthermore, due to the presence of magnetite, the magnetic system can be concentrated at
the desired tissue/organ and local hyperthermia can be produced. In these conditions,
additional temperature control can be applied; once the temperature increases, the cumulative
doxorubicin release increases by almost 20%, reaching ~90% after 48 h [47]. The thus designed
stimuli-responsive magnetic system has a lower critical solution temperature (LCST) of ~38°C,
which makes it suitable as carrier system in cancer treatments of humans.

Drug delivery system Active component Delivery mechanism

Polyethylene glycol (linker hydrazone) pH-sensitive mechanism of delivery

Poly(amidoamine) dendrimer (linker hydrazone) induced by drug-polymer bond
Doxorubicin

Hyaluronic acid (linker hydrazone) breaking (polymer/active component is

Melanolactone- polycaprolactone (linker hydrazone) realized via a third agent called linker)

7
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Drug delivery system Active component

Delivery mechanism

N-(2-hydroxypropyl) methacrylamide (linker
hydrazone)

Poly(amidoamine) dendrimer (linker cis-aconityl)

Polyacetal (linker acetal)

Pullalan (amide linker

Poly(aspartate hydrazide) (linker hydrazone) Pacl |
Paclitaxe

Polyethylene glycol (linker hydrazone)

Dextran (linker hydrazone) Streptomycin

Alginate (linker cis-aconityl) Daunomycin

Polyethylene glycol and poly(lactic acid)

Polyethylene glycol and oligocholic acids Paclitaxel

Gold nanoparticle-pluronic

Poly(e-caprolactone) and poly(ethyl ethylene
phosphate)

Poly(e -caprolactone), poly(2,4-dinitrophenylthioethyl
ethylene phosphate), and polyethylene glycol

Doxorubicin
Polyethylene glycol and poly(e -caprolactone)

Dextran-lipoic acid derivatives

Methoxy polyethylene glycol and poly(e-caprolactone)

Methacrylic acid and N,N-bis(acryloyl)cystamine

redox-responsive drug delivery

mechanism via disulfuric bond breaking

Polyethylene glycol and oligocholic acids Vincristine

Polyethylene glycol, poly(L-lysine), and poly(L-
Methotrexate
phenylalanine)

Poly(N-isopropylacrylamide)
5-Fluorouracil

Poly(N-vinylcaprolactum)

Pluronic F-127-chitosan
Curcumin

Hydroxypropyl cellulose

Poly(N-isopropylacrylamide-co-N,N-
dimethylacrylamide), poly(D,L-lactide-co-glycolide), =~ Doxorubicn

poly(e -caprolactone)

Temperature-triggered delivery

mechanism

Poly(N-isopropylacrylamide-co-acrylamide)-b-

Docetaxel
poly(D,L-lactide)
Poly(N-isopropylacrylamide-co-N,N-

Paclitaxel
dimethylacrylamide)-bpoly(D,L-lactide-co-glycolide)
Poly(N-isopropylacrylamide-co-
N,Ndimethylacrylamide- co-10-undecenoic acid) Doxorubicin

. Complex, dual pH/ temperature-
nanoparticles
responsive drug delivery mechanism

Poly(N-isopropylacrylamide-co-acrylic acid)-b-

Paclitaxel

polycaprolactone nanoparticles
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Drug delivery system

Active component

Delivery mechanism

Methoxy polyethylene glycol-b-P(N-(2-hydroxypropyl)
methacrylamide dilactate)-co-(N-(2-hydroxypropyl)
methacrylamide-co-histidine, methoxy polyethylene

glycol-b-poly(lactic acid)

Doxorubicin

Poly(D,L-lactide)-g-poly(N-isopropylacrylamide-

comethacrylic acid) nanoparticles

5-Flourouracil

Methacrylic acid and N,N-bis(acryloyl)cystamine

nanogels Doxorubicin

Polyethylene glycol-SS-poly(2,4,6-

trimethoxybenzylidene-pentaerythritol carbonate) Doxorubicin Complex, dual pH/redox responsive
micelle drug delivery mechanism

Methoxy polyethylene glycol-2-mercaptoethylamine-

grafted-poly(L-aspartic acid)-2-(diisopropylamino) Doxorubicin

ethylamine-graftedpoly(L-aspartic acid) micelles

Polyethylene glycol- Fe;O, nanoparticles Doxorubicin

Methoxy polyethylene glycol-b-poly(methacrylic acid)-

b-poly(glycerol monomethacrylate) coated Fe;O, Adriamycin

nanoparticles

Methoxy polyethylene glycol-b-(N,N-
dimethylamino)ethyl methacrylate-b-polyglycidyl

methacrylate coated Fe;O, nanoparticles

Chlorambucil and

Indomethacin

Complex, dual pH/ magnetic-

responsive drug delivery mechanism

Polyethylene glycol-poly(imidazole L-aspartamide)-2-

vinylpyridine coated Fe;O,-SiO, nanoparticles

Doxorubicin

1,3,5-Triazaadamantane Fe;O, capped mesoporous silica

oxorubicin
nanoparticles
Pluronic with Fe;O,nanoparticles
. Complex, dual temperature/ magnetic-
Poly(N-isopropylacrylamide-acrylamide-allylamine) =~ Doxorubicin

coated Fe,O,nanoparticles

responsive drug delivery mechanism

DNA-capped MSNs

CPT, floxuridine

Complex, dual temperature/ enzyme-

responsive drug delivery mechanism

Poly(oligo(ethylene glycol) acrylate-co-2-(5,5-

Complex, ternary temperature/pH/

dimethyl-1,3-dioxan-2-yloxy)ethyl acrylate) (°P(OEGA- Doxorubicin, . )

) redox-responsive drug delivery
co-DMDEA)) nanogels containing bis(2- Paclitaxel

mechanism

acryloyloxyethyl) disulfide
Poly(N-isopropylacrylamide-co-methacrylic acid)
(P(NIPAM-co-MAA)) coated magnetic mesoporous Complex, ternary temperature/pH/
silica nanoparticles Doxorubicin magnetic-responsive drug delivery

Poly(N-isopropylacrylamide)-chitosan magnetic
nanohydrogels

mechanism

9
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Drug delivery system Active component Delivery mechanism

Fe(II) loaded poly(methacrylic acid) microcontainers
Complex, ternary pH/redox/magnetic-
crosslinked by N,N-methylene-bisacrylamide and N,N- Daunorubicin

responsive drug delivery mechanism
bis(acryloyl)-cystamine

Table 1. Most important delivery mechanism of antitumoral agents and some of their most important representatives
(based on [5, 48])

surface modification and NH-NH,
functionalization with NH,NH,
- ——=——> H,NN-HN SCH,CH,CONHNH,
Fe,O
s NH-NH,

loading with Doxorubicin
via pH sensitive covalent bond
NH-N=C-Doxorubicin

Doxorubicin-C=N-NH SCH,CH,CONHN=C-Doxorubicin

NH-N=C-Doxorubicin

lencapsulation in smart polymer

NH-N=C-Doxorubicin

Doxorubicin-C=N-NH SCH,CH,CONHN=C-Doxorubicin

NH-N=C-Doxorubicin

release of Doxorubicin
via pH and termo-sensitive mechanism

free DOXORUBICIN

Scheme 5. Synthesis and dual-sensitive magnetic drug delivery system

Bhatnagar and Venuganti [5] realized a very complex review based on stimuli responsive drug
delivery systems of over 70 smart delivery systems, classifying them function of the delivery
mechanism and active components. Some of the most representative drug delivery systems
are presented in Table 1. It can be seen that the mechanism of delivery is very important because
it can allow a tighter control of release, which is essential in cancer treatment due to the high
toxicity of the cytostatics.

2.3. Magnetic materials as hyperthermia generator

Hyperthermia is an interesting effect of some materials and appears to be of great importance
in cancer treatment. Since discovered, over 4000 years ago [49], magnetite was tested for the
treatment of different types of cancer from primary (breast, colon, bladder, toque, bone, etc.)
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to metastatic cancer [50-56]. The high attractiveness of these materials is related to the easy
targeted hyperthermia, these nanoparticles being easy to move using an adequate magnetic
field to the desired tissue or organ.

Hyperthermia is a technique of the Ancient Egyptians. Records related to the use of hyper-
thermia in the treatment of (breast) cancer were reported around 2600 BC and later in 2000 BC
and was rediscovered in the late 19th century [53, 57]. In the treatment of cancer, the high
expectations of the use of hyperthermia can be justified taking into account the following
issues. Cancer cells generally perish above 43°C because the oxygen demand is high while the
oxygen transported via the blood is not sufficient (due to incomplete angiogenesis) whereas
normal cells are less affected even at higher temperatures. In addition, tumors are more easily
heated than the surrounding normal tissues, since the blood vessels and nervous system are
poorly developed in the tumor. In fact, the beneficial heat effect is well known and used for a
long time. Different heating techniques of heating of tumors were attempted, including heating
with hot water, infrared waves, ultrasound, as well as microwaves. In the case of deep-seated
tumors, these techniques are not effective and consequently ferromagnetic microspheres have
to be used to generate hyperthermia [58].

Magnetic composite materials are often obtained by combining the useful properties of
magnetic nanoparticles and different organic or inorganic components, the most used being
polymers: collagen, chitosan, chitin, dextran, as well as inorganic oxides like ZnO, SiO,, TiO,,
and titanates [56, 59].

Ferrimagnetic glass ceramic microspheres as well as magnetite microspheres were produced
by different researchers and were reviewed by Kawashita et al. [58]. Magnetite microspheres
of ~20-30 pm were already prepared by Kawashita et al. [58]. Also, glass-ceramics containing
magnetite in a wolastonite and bioglass matrix was proved to be effective in cancer treatment.
The cancer cells were transplanted in rabbit tibiae by inserting into the medullary canal as a
glass ceramic pin. The hyperthermia is generated by placing it into an alternating magnetic
field. Based on these data, it can be assumed that glass-ceramic microspheres (20-30 um in
diameter) could be easier applied because the cancer cells might be scattered around and
consequently a larger area must be covered. Comparing magnetite and glass-ceramic micro-
spheres it can be concluded that magnetite exhibits a higher heat generation capacity (41W/g)
compared with the glass-ceramic-loaded magnetite microspheres (10W/g), which is consistent
with the lower magnetite content. Under these conditions, the maximum coercive force
corresponds to a crystallite size of ~40nm.

Muzquiz-Ramos et al. [55] have obtained biomimetic apatite coatings on magnetite particles
for bone cancer treatment. For this purpose, firstly, they obtained magnetite nanoparticles of
~12nm by coprecipitation and, then, by immersing magnetite nanoparticles into simulated
body fluid — SBF or 1.5 SBF (50% more concentrated SBF than human blood plasma - see
concentrations in Table 2) — for certain period of time they deposited HA coating onto the
magnetite nanoparticles. Hydroxyapatite formation is strongly dependent on the composition
and immersion time in SBF. It was found that, the immersion in SBF does not alter the
superparamagnetic behavior of the magnetite core and consequently it can be used as potential
candidates for the treatment of solid bone tumors.

11
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Na* K Ca* Mg* CI HCO,- HPO,>  SO,*
Human blood plasma 14200 500 250 150 14880  4.20 1.00 0.50
SBF 21300 750 375 225 22320 630 1.50 0.75
1.5SBF 14200 500 250 150 10300 27.00 1.00 0.50

Table 2. Composition of human blood plasma, SBF, and 1.5SBF

In 2010, Andronescu et al. [13] proposed to slightly change the existent protocol of bone cancer
treatment. In short, the protocol involves the combination of surgery and chemotherapy in the
treatment of bone cancer. Depending on several facts, the chemotherapeutic drugs can precede
and/or follow the surgery (Figure 1). During the surgical resection of the tumoral bony tissue,
the surgeon can introduce into the newly resulted defect(s) multifunctional materials. Two
main roles can be identified and have to be noted. First of all, the material can act as a scaffold
contributing to a faster healing and, secondly, it can assure a supplementary, antitumoral
activity based on the delivered components, interactions with the tumoral cells, or produced
hyperthermia.
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[With kind permission from Springer Science+Business Media: ] Mater Sci—Mater M., Andronescu E, Ficai M, Voicu
G, Ficai D, Maganu M, Ficai. A Synthesis and characterization of collagen/ hydroxyapatite: magnetite composite mate-
rial for bone cancer treatment. 21, 2010, 22372242 [13]

Figure 1. Bone cancer treatment of osteosarcoma

3. Role of metal nanoparticles in cancer diagnostics and treatment

Metal nanoparticles (silver and gold) are widely used in cell imaging, DNA hybridization
detection, proteins interaction, and photothermal therapy due to their extremely strong
absorption and light scattering in the plasmon resonance [60]. In principle, the high attrac-
tiveness for using gold and silver nanoparticles in the cancer diagnosis and therapy is due to
the unique optical properties, facile surface chemistry, and appropriate size scale. The tumor
detection and treatment can be further improved by controlling size and shape or by conju-
gation of these nanoparticles with specific ligands/biomarkers [61]. The selective delivery of
the metal nanoparticles is crucial for in vivo imaging and/or therapy. There are several
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strategies for delivery of these nanoparticles into the tumor: topical application for the skin
tumors; direct injection or intraoperative application for the accessible deep tumors, or
intravascular injection for the inaccessible tumors. In the case of tumors localized in hard
tissues, the low diffusion of the body fluids does not assure the necessary flow through these
tissues and consequently through the tumoral tissue and therefore direct, intraoperative
application is necessary.

PEGylated gold or silver nanoparticles can also act as carrier of anticancer chemotherapeutics.
PEG coating assures high biocompatibility, lower agglomeration tendency, and masking
against immune systems. When intravenously injected into the body, it exhibits high retention
time especially in solid tumors. After retention in the tumor, NIR irradiation can be applied
and selective ablation of the nanoparticles-enhanced tumor occurs [62-64]. Molecular specific
imaging and therapy of cancer is easily achieved by the synthetic conjugation of the nanopar-
ticles with antibodies targeted to receptors overexpressed on the cancer cells.

Silver-based nanostructured materials can be used as bioimaging labels for human lung cancer
H1299 cells as proved by Guo et al.

Xu et al. [65] reported the synthesis of silver and gold spherical metal nanoparticles of various
sizes for IR-sensitive antitumoral activity. Silver nanoparticles (AgNPs) of 10, 20, and 40nm as
well as gold nanoparticles (AuNPs) of 20, 50, and 100nm were prepared and modified with
Fetal Bovine Serum. Also, AgNPs with 12nm diameter were obtained and functionalized with
meso-2,3-dimercaptosuccinic acid and silanes bearing various functional groups including
amino group, short chain PEG and carboxylic group. The thus obtained nanoparticles were
tested on three lines of C6 glioma cells (originated from mouse), U251, and SHG-44 cells
(originated from human GBM). They found that the antitumoral ability of these nanoparticles
is dependent on concentration, IR dose, and nanoparticle size. In short, the smaller nanopar-
ticles have higher efficiency; the higher irradiation dose leads to higher killing ability; and the
higher concentration leads to lower survival cells. The used capping agent is also important,
even if, the mathematical quantification is more difficult. The tests highlighted that meso-2,3-
dimercaptosuccinic acid and PEGylated silane modified nanoparticles do not affect the cell
sensitivity to radiation but, carboxy- and amino-silane bearing nanoparticles drastically
decrease the cell survival.

Gold nanocages were synthesized by galvanic replacement reaction between Ag template and
HAuCl,. In short, silver nanoparticles of 30—200nm nanocubes are transformed in Au nano-
boxes and nanocages (nanoboxes with porous walls) with tunable optical properties from blue
(400nm) to near-infrared (1200nm). In order to obtain deeper penetration, near-infrared light
isnecessary. At present, three strategies of shifting the surface plasmon resonance from visible
to near-infrared are known:

* form agglomerates from spherical Au nanoparticles;
* by elongating the nanoparticles from spherical gold nanoparticles to nanorods/whiskers;

* by emptying the interiors of spherical nanoparticles to form hollow gold nanostructures.
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Most of these structures can be designed by using adequate capping agents or changing
synthesis route.

4. Silicate-based materials as vectors against tumor cells

Targeted action is many a time necessary for both diagnosis and therapy. Complex systems
based on magnetic core, different shells, and tumoral receptors are of great importance. The
locoregional drug delivery systems are well known to be beneficial because the systemic
toxicity can be reduced compared with the other administration routes [4, 10, 14]. The
targeted delivery is very useful especially when local administration is not possible. In most
cancer treatment protocols, active components must be administrated that, due to their high
toxicity, are desired to be delivered at a certain site without spreading to other tissues or
organs. Silicates are interesting materials for industrial and medical field. Montmorillon-
ite was largely exploited in biomedical field because it is pH-sensitive and can be loaded
with large amount of drugs into its layered structure. The pH-sensitiveness is determined
by the ability of this material to modify its characteristic interlayer spacing. In acid solutions,
the interlayer spacing is minimal and increases in basic conditions. This property is exploited
in medicine, montmorillonite being used, for instance, to deliver active components in
neutral/basic media like colon or intestines. It is also important to mention that montmor-
illonite-based formulations can be used for oral administration of different active compo-
nents that are unstable in stomach conditions because of the protective role of the silicate
(proteic drugs, for instance, cannot be administrated orally; the stomach environment will
destroy them). For this purpose, montmorillonite was tested for oral administration of
cytostatics [66-68]. Schematically, the targeted delivery of cytostatics form silicates are
presented and discussed in Figure 2.

In oral delivery, the contact of the DDS with the digestive tract is the most important factor
which has to be considered when designing orally administrated DDS. It is important to
mention that the contact of the DDS with gastric acid can destroy the active component(s).
There are a lot of active components which, under the action of gastric acid, became inactive
(inactivation due to the action of pepsin and/or hydrochloric acid), and amongst these active
components there are also many cytostatics which can be inactivated by gastric acid. In these
conditions, some drugs cannot be orally administrated or different protective measures must
be taken. One of the most common protective way is the entrapping of the drug into organic
or inorganic matrix, which, if correctly selected, can release the drug or its complexes at the
intestine/colon level [66]. Atthislevel, different scenarios are possible: free active component(s)
acts locally fighting against colon cancer or, can be absorbed into the blood and enter the blood
circulatory system. At this moment targeted or nontargeted delivery can occur. In the case of
targeted delivery, the active component/complex is predominantly delivered at the desired
tissue/organs due to the presence of recognizing agents linked on the complex or simply, due
to the intratumoral microenvironment, as we presented in Figure 2.
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ORAL administration

the DDS system is STABLE in stomach and no/limited delivery happen
in some cases, the DDS act as a protecting agent of the active component

the DDS system is unstable in
duodenum and colon conditions
=> DELIVERY HAPPEN

the active component (or its
the active component can act locally, complexes) get into the blood and
for instance for treating colon cancer  further into tissues and organs
where manifest its activity

Figure 2. Schematic representation of cytostatics targeted delivery for oral administration

5. Conclusions

Metal and metal oxide nanoparticles are of great interest for medical and industrial applica-
tions. Magnetite is an important metal oxide with many potential applications in nanomedi-
cine. Hyperthermia, targeted drug delivery system, and carrier and contrast agents are the
most known medical applications with proved applicability in cancer diagnosis and treatment.
The properties of magnetite nanoparticles are dependent on size and shape as well as com-
position and synthesis route. The bare magnetite is usually not recommended for biomedical
applications because the host body recognizes it as a “foreign body” and consequently core-
shell structures are usually obtained and tested for these applications.

Even if long-term toxicity of the nanoparticles is the subject of controversies, the use of gold
and silver nanoparticles bring many advantages compared with other actual alternatives (like
cytostatics). Further studies related to the influence of shape and size, capping agents, receptors
immobilization onto the metal nanoparticles are still necessary. Surface plasmon resonance
can be designed by size and shape and surface functionalization of both silver and gold
nanoparticles. The surface plasmon resonance shift from blue to near-infrared is important
because it allows a better/deeper penetration of the radiation into the body.

Mesoporous silicates are intensively studied for drug delivery and especially for cancer
treatment, alone or in combination with other organic or inorganic polymers. Mesoporous
silicates can be used for targeted delivery systems. These DDSs can be administrated orally,
the delivery being intensified in neutral/basic conditions from intestines/colon.
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Abstract

The revolutionary development of nanoscience during the last years has increased the
number of studies in the field to evaluate the toxicity and risk levels. The design of
different nanomaterials together with biological components has implemented the
advances in biomedicine. Specifically, nanoparticles seem to be a promising platform
due to their features, including nanoscale dimensions and physical and chemical
characteristics than can be modified in function of the final application. Herein, we
review the main studies realized with nanoparticles in order to understand and
characterize the cellular uptake mechanisms involved in biocompatibility, toxicity,
and how they alter the biological processes to avoid disease progression.

Keywords: Nanoparticle, toxicity, nanomaterial, cellular uptake, immunogenicity

1. Introduction

The nanoscience revolution that sprouted throughout the 1990s is becoming part of our daily
life in the form of cosmetics, food packaging, drug delivery systems, therapeutics, or biosen-
sors, among others [1]. It has been estimated that the production of nanomaterials would
increase in 2020 by 25 times what it is today.

This is due to the wide range of applications that they have in numerous fields, ranging from
commercial products such as electronic components, cosmetics, household appliances,
semiconductor devices, energy sources, food color additives, surface coatings, and medical
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products such as biological sensors, drug carriers, biological probes, implants, and medical
imaging. Despite this future dependence on nanomaterials, studies regarding their safe
incorporation in our lives are very limited [2].

Recently, several studies suggested that nanoparticles (NPs) could easily enter into the human
body [3]. This is mainly because their nanoscale dimensions are of a similar size to typical
cellular components. Moreover, proteins—-NPs may bypass natural mechanical barriers,
possibly leading to adverse tissue reactions. As a result, the particles might be taken up into
cells. Generally, NPs of different physical and chemical properties may enter the cells by
different mechanisms, such as phagocytosis, macropinocytosis, endocytosis, or directly by
“adhesive interactions” [4].

In order to understand the exact cellular influences of NPs, a thorough characterization of
individual nanoparticles is necessary. Nanoparticles can get into the human body through
various ways, such as skin penetration, inhalation, or injection, and due to their small size and
diffusion abilities; they have the potential to interact with cells and organs. In addition to
involuntary exposure to NPs by means of contacting nanomaterials-based products, there are
cases where nanoparticles would interact with the human body for biomedical purposes.

In case of using nanoparticles for targeted-drug delivery, NPs are required to traverse the cell
membranes and interact with specific components. Hence, the success rate of drug delivery is
based on the biocompatibility of NPs. Research has shown that different physicochemical
properties of NPs result in different cellular uptake. Currently, it has been described that
several factors play a critical role in toxicity (Fig. 1); such as (i) size and surface, very important
for liposomes, silicon microparticles, quantum dots, polymeric NPs, or gold NPs; (ii) concen-
tration, crystallinity, and mechanical strength, toxicity is directly related to these parameters
[2]; (iii) chemical attributes, the development of hydrophilic polymer functionalization (i.e.
polyethylene glycol, polycarboxybetaine) at the surface of NPs enhances the systemic circu-
lation; however, the response of the immune system is also related with this hydrophilic
coating.

The discovery of Enhanced Permeation and Retention (EPR) effect and its combination with
hydrophilic polymers is related to the accumulation of NP-based carrier systems in tumor
tissues followed by the release of the drug either in the proximity to the tissue. However, EPR
effect is commonly inconsistent due to the heterogeneity associated with the tumor tissue. For
this reason, novel nanomedicines are being designed and developed in order to target only a
particular cell, tissue, and organ by linking an affinity reagent to the NP, which is targeting a
specific biomolecule differentially expressed at the tissue or cells of interest.

Although some concerns have been raised about poor systemic circulation, enhanced clearance
by the mononuclear phagocyte system and limited tissue penetration has been shown to
improve the cellular uptake and efficacy of their payload in comparison with passively
targeted counterparts. This improvement in cellular uptake is a key point because mostly of
the targets present intracellular location. Bearing this in mind, the characterization of endo-
cytosis pathways plays a critical role in designing efficient intracellular trafficking, subcellular
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targeting, and nanomedicines with ideal features (biocompatibility, low-toxicity, and low-
immune response) [4].

Herein, we present a comprehensive review on recent developments and outline future
strategies of nanotechnology-based medicines. Specifically, the trials in vivo/in vitro, requested
by The National Cancer Institute, that evaluate NP toxicity for nanomedicines are detailed
below. They can be sorted in two large groups: biocompatibility and immunological studies.

Genotoxicity
and
Cytotoxicity

Percxidation of lipids

Figure 1. Effects of nanomaterials on cells.

2. Biocompatibility studies

Once the NPs are in biological environment, it is expected that their interaction with biomo-
lecules, such as proteins, lipids, nucleic acids, and even metabolites, is to a large extent because
of their high surface-to-mass ratio. Bearing in mind that proteins are one of the majority
components in biological fluids, formation of a protein corona at the surface of NPs is expected.
This protein corona may substantially influence the biological response [5].

2.1. Relation of biomolecular corona and nanoparticles toxicity

Herein, we briefly describe how this biomolecular corona influences mainly in cellular uptake,
toxicity, and biodistribution and targeting ability to a lesser extent.
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2.1.1. Effect of physicochemical properties

2.1.1.1. Size

The size of nanomaterials has a direct and significant impact on the physiological activity. In
fact, the NP size may be expanded by the biomolecular corona. Then, the NP size plays a critical
role in cellular uptake, efficiency of particle processing in the endocytic pathway, and phys-
iological response of cells to NPs. Kim and collaborators [6] thoroughly studied the size-
dependent cellular toxicity of Ag NPs using different characteristic sizes against several cell
lines, including MC3T3-E1 and PC12. They demonstrated that NP toxicity was precisely size-
and dose-dependent in terms of cell viability, intracellular reactive oxygen species generations,
LDH release, and ultra-structural changes in the cell.

In general, biodegradable NPs are less cytotoxic than non-biodegradable ones [7]. Apart from
the nature of NP coating, particle size can also affect the degradation of the polymer matrix.
With the decrease of particle size, the surface area-to-volume ratio increases greatly, leading
to an easier penetration and release of the polymer degradation products. Even though it can
be assumed that the smaller the NP size, the more likely it can enter into cells and cause
potential damages, the mechanisms of toxicity are very complicated, so the size factor cannot
be viewed as the only influence parameters.

Yuan and collaborators studied the effect of size of hydroxyapatite NPs on the antitumor
activity and apoptotic signaling proteins. They studied the effect of particle size on cell
apoptosis, the Hep62 cells (incubated with and without hydroxyapaptite NPs), presented
morphological changes related to apoptosis which were related to the size of the NPs [8].

2.1.1.2. Nanomaterial and shape

The structure and shape influence in the toxicity of nanomaterials (Fig. 2). Commonly,
nanomaterials have different shapes and structures such as tubes, fibers, spheres, and planes.
For instance, several studies compared cytotoxicity of multi-wall carbon nanotubes vs. single-
wall carbon nanotubes or graphene [9, 10], obtaining results that suggest a strong influence of
the shape and toxicity. Furthermore, other authors have evaluated the toxicity of nanocarbon
materials vs. NPs [11].

2.1.1.3. Concentration of nanomaterial

In 2013, a research was carried out to inspect the cytotoxicity of a cisplatin derivative, known
as PtU2. Minor toxicity was detected when this compound was conjugated with 20 nm gold
NPs (Au-NPs). Cisplatin is one of the most used anticancer agents and its conjugation with
Au-NPs gives it benefits thanks to Au characteristics: biocompatibility, inactivity, non-toxicity,
and stability. In this way, the compound becomes a powerful tool for the treatment of solid
tumors. In the present trial, osteosarcoma cell line (MG-63) was treated with different concen-
trations of AuNPs, PtU2 and a combination of both, PtU2-AuNPs. Firstly, one of the aims was
the determination of the carrier activity. In order to achieve this, the metal content (gold and
platinum) was measured in cells and supernatants separately. The results showed that metal
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Figure 2. Characteristics and studies about the nanomaterials effect. Adapted from Li X. et al. [2].

uptake capacity from cells is the same for AuNPs or AuNPs conjugated with PtU2. Then, the
cytotoxicity was evaluated by Annexin V-FITC assay by flow cytometry. As a result of MG-63
incubation with the two compounds, higher cytotoxicity was detectable after 48 hours of
culture in cells treated with PtU2-AuNPs. To sum up, PtU2-AuNPs are more effective inciting
cellular toxicity on the same culture conditions [12].

2.2. Relation of biomolecular corona and cellular uptake

Due to protein nature of the biomolecular corona, it is important to distinguish between
specific and nonspecific cellular uptake. Specific uptake is regulated by membrane receptors
that are internalized by interaction with specific ligands. In turn, nonspecific uptake is
considered a random process without control by the cell [5].

Opverall, nonspecific uptake seems to be decreased in the presence of a corona whereas specific
uptake seems to be promoted by protein corona because a misfolding of corona proteins
triggers NPs uptake by specific cells that otherwise would not have done so or because there
is a protein in the corona able to target a specific receptor expressed in the cell line used. So
far, all the performed studies suggest how important cell line specificity is for this protein
corona effect. However, a more extensive revision of literatures is recommended because in
many occasions some inconsistencies of cellular uptake of NPs have been found, particularly
regarding incubation conditions or fluidic For example, several studies for cellular uptake of
differential macrophage-like cell line (dTHP1) have different outcomes. In such a way, Yan
and colleagues [13] did not observe any changes in effective association and internalization in
the presence of serum. However, these cells present phagocytosis activity when unfolded BSA
is presented in the protein corona; in this case, phagocytosis is mediated by Scavenger receptor
subclass A.
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2.3. Effect of protein corona on biodistribution

Despite the knowledge about the influence of NP PEGylation on biodistribution, the charac-
terization and consequences of a biomolecular corona formed in vivo has not been investigated

yet.

Hence, it has been described that, independently of the nature of the NPs, pre-coating with
proteins, such as serum albumin, or apolipoprotein E, increases the blood circulation time and
reduces the clearance speed. This effect is explained by a reduction in opsonization and
phagocytosis; meanwhile, liver is the main organ for NP accumulation and the protein used
for pre-coating seems to be distributed in other organs (i.e. albumin targeting and apolipo-
protein E target lungs and brain, respectively) [14].

2.4. Different assays for evaluation of cytotoxicity/biocompatibility

In general, the mechanisms of toxicity are very complicated. Several studies have been
developed for biological characterization of nanomaterials which are vital to guarantee the
safety of the material that will be in contact with food or humans. Here, a brief description of
the most conventional assays to evaluate cytotoxicity/biocompatibility is reported.

2.4.1. Cytotoxicity analysis

In order to determine the viability of cells exposed to NPs, toxicity tests in vitro are very useful
to understand the toxic mechanisms [2]. Some of these tests are listed: Alamar Blue Assay,
MTT, LDH leakage assay [2, 15], and quick cell [16]. First and second approaches constitute
an index of intrinsic cytotoxicity.

On the one hand, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide assay
(mitochondrial toxicity, MTT, assay) is based on the transformation of tetrazolium salt by
mithocondrial succinate dehydrogenases in metabolically active cells generating purple
formazan crystals [17]. This oxidation-reduction reaction can be only produced in presence of
dehydrogenase enzymes, so it is a good way to determine the activity of mitochondria [2].
Thus, the number of living cells is proportional to the amount of formazan produced.

Cells with culture medium and NPs are seeded in 96-well plates and then 20 pL/well of MTT,
with a final concentration of 5 mg/mL added to each well. This compound must be incubated
for 4 h at 37°C and 5% CO,. After the incubation, the solution is removed and the crystals that
have been formed are dissolved by DMSO. Finally, the optical density is measured at 595 nm
expressing the percent cell viability [3, 17]. This method also allows the measurement of cell
survival and proliferation.

Although MTT is the most accepted assay method [2], there is another test to evaluate the
nanotoxicity, the resazurin assay (Alamar Blue, AB, assay). This study is based on the reduction
of blue, nonfluorescent resazurin to pink, fluorescent resorufin by living cells [18]. This
reduction is mediated by mitochondrial enzymes located in the mitochondria, cytosol, and
microsomal fractions [17, 18]. The decrease in the magnitude of resazurin reduction indicates
loss of cell viability.
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The AB assay is commonly used with a final concentration of 10% (w /v). Then, plates are
exposed to an excitation wavelength of 530 nm and emission at 590 nm to determine if any of
the dyes interact with the compound. Lastly, the fluorescence is read 5 hours later and the
percent viability is calculated [17]. Moreover, AB assay has many advantages: it is a simple,
rapid and versatile test and reveals a high correlation with other methods to evaluate nano-
toxicity [18].

Sometimes, problems with interference between NPs and this type of assay arise [17], so care
must be taken with the dyes used. The confidence degree of toxicity studies significantly
depends on this interaction. Few researchers have found that carbon nanotubes can interact
with dyes such as AB and neutral red [2].

According to the analysis carried out by Hamid R and collaborators, AB assay and MTT are
advisable to identify the cytotoxic compound. However, the AB assay is homogenous and
presents more sensitivity that can detect densities as low as 200 cells per well [17].

In turn, cell death is also determined by evaluating the activity of the enzyme lactate dehy-
drogenase (LDH). LDH is an enzyme generally located in the cytosol, but it is quickly released
when cellular damage is produced. In this way, the LDH release assay allows the assessment
of the membrane integrity of cells by measuring this enzyme in the extracellular medium. This
method, like MTT, uses the measure of a color compound absorbance to determine the cell
viability that can be affected by the uptake of NPs [19].

The Quick Cell Proliferation Colorimetric Assay Kit works in a similar way. This is based on
the cleavage of the tetrazolium salt to formazan by mitochondrial dehydrogenases. An increase
in the activity of these enzymes is connected with cellular proliferation. The formazan dye
produced by viable cells can be quantified by a spectrophotometer by measuring the absorb-
ance of the solution at 440 nm. Moreover, the Quick Cell Assay has several advantages in face
of MTT because it is a new simple method, requiring no washing, no harvesting, and no
solubilization steps, and it is more sensitive and faster too [20].

2.4.2. Assays for studying cell death by effects of nanomaterials

The cytotoxicity analysis can be complemented by other studies. Here, we present different
methods to determine cell death or apoptosis, including trypan blue (TB) and propidium
iodide (PI) protocols.

TB exclusion test marks which cells are viable. This is because live cells have intact cell
membranes and certain dyes, such as TB or PI, cannot entry into them [21]. In dead cells, the
membrane is ruptured and the dye is able to cross it and stain the cytoplasm of blue. In 2014,
Mendes and colleagues [22] published a work where their aim was to investigate different
diameters of iron oxide NPs. Four cell lines were incubated with NPs to assess the material
toxicity and the possible size dependence. Cell viability was measured using the MTT and TB
tests. For the dye exclusion assay, the cells were seeded in 6-well flat-bottom plates and
incubated for 12 or 48 h with a NP suspension at 10 pig/mL concentration. Then, 20 uL of each
suspension was mixed with 0.4% TB to count the number of living and dead cells. This method
was used because with the MTT it was not clear if NPs caused cell death or whether they only
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reduced the cellular metabolic activity. The results showed that cells incubated with the
carbon-coated iron oxide NPs tend to decrease their mitochondrial activity (indicated by MTT
test) rather than die (indicated by the dye exclusion test). In conclusion, cytotoxicity analysis
showed no apparent difference between the diameters studied, whereas there are clear
differences in particle uptake.

On the other hand, Alshatwi and collaborators [23] have published a work where the toxicity
of platinum NPs is evaluated. The objective in this project is to investigate the effects of
platinum NPs on cell viability, nuclear morphology, and cell cycle distribution on SiHa cells
(a cervical cancer cell line). To study the nuclear morphology, SiHa cells were incubated with
platinum NPs for 24 hours. Then, cell nucleus were stained by 1mg/mL Pl and examined under
a fluorescence inverted microscope. In treated cells, nuclear fragmentation, chromatin
condensation, and nuclear swelling were observed. The nuclear fragmentation is a hallmark
of late apoptosis.

In the same way, PI was also used to determine the cell cycle stage of treated cells by a flow
cytometer. The results showed that these NPs induced a G2/M phase cell cycle arrest due to
DNA damage. Briefly, this investigation suggests that platinum NPs inhibit cell proliferation
because they induce cell death via apoptosis. Moreover, the NPs also have effect by reducing
cell viability and causing DNA fragmentation and G2/M cell cycle arrest. That is why; they can
be a potential therapy agent in the cervical cancer treatment.

Secondly, we describe two different ways to evaluate the cell death induced by apoptosis.
Apoptosis or program cell death occurs in the normal physiology during development and
aging to keep a balance between proliferation and cell death [24, 25]. It is also a defense
mechanism and it is important for removing damaged cells and decreasing the damage on
neighbor cells.

This process is carried out by loss of the mitochondrial transmembrane potential and activation
of caspases (cysteine proteases). These proteins can be categorized into initiators (caspases 2,
8,9, 10), effectors (caspases 3, 6, 7), and inflammatory caspases (caspases 1, 4, 5) [24].

Frequently, cell apoptosis is usually evaluated using a caspase-3 activation assay. For instance,
Xun et al. put into effect a work where they tried to study the effect of silica NP size (7, 20, and
50 nm) on cytotoxicity. The cell line HepG2, a human hepatoma model, was selected for the
study. HepG2 cells were treated with silica NPs of 20 nm (SNP20) at concentrations of 160 pg/
mL and 320 ug/mL for 24 and 48 hours, respectively. Then, caspase-3 assay buffer and
caspase-3 lysis buffer were added into the cell culture. After reaction, the fluorescence intensity
was detected under a fluorescence plate reader. Caspase-3 is an essential molecule in the final
phase of apoptosis induced by diverse stimulus. Results obtained in this analysis showed an
increase of caspase-3 activity about 2-3 fold higher in cells treated with SNP20 than that of
controls after 24 hours of incubation and about 3-5 fold after 48 hours. About this evidence,
silica NPs could activate caspase-3 and downregulate procaspase-9, indicating an activation
of caspase-9 in HepG2 cells. That is, these NPs can change apoptotic protein expression and
greatly increase apoptosis in mitochondria-dependent pathways in hepatoma cells. In
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addition, Annexin V-FITC/PI assay was used in this study to quantify cell apoptosis. This test
allows distinguishing between normal, apoptotic, and necrotic cells.

HepG2 cells and normal L-02 hepatic cell lines exposed to SNP20, at the same two concentra-
tion used before, were stained using Annexin V-FITC and PI and analyzed by flow cytometry.
Apoptotic cells undergo changes in the distribution of their membrane lipids. Phosphatidyl-
serine is a phospholipid commonly presented inside the membrane, whereas during apoptosis,
processes are expressed on the cellular surface.

In this way, Annexin V, which has a high affinity for phosphatidylserine, is used as a marker
of early apoptosis. However, Pl is used to distinguish necrotic cells from apoptotic cells. This
is an agent which is intercalated in the DNA of dead cells when losing the membrane integrity.
As a result, almost no apoptotic cells were detected in controls and treated L-02 cells and in
control HepG2 cells. On the contrary, many apoptotic cells were found in HepG2 treated with
SNP20, indicating that apoptosis induced by NPs is dose-dependent [25].

Annexin V is a method commonly used for assessing cellular apoptosis. For example, Ashok-
kumar and collaborators as well as Grudzinski et al. employed this procedure in their studies.
In the first one, the aim was to evaluate whether gold NPs are able to induce apoptosis in cancer
cells. HepG2 cell line was used for the investigation and these were treated for 24 hours with
gold NPs. After that, cells were stained with Annexin V and the level of apoptosis was
quantified as a percentage of Annexin V positive cells. Finally, the results showed that HepG2
treated with gold NPs undergo cell apoptosis whereas untreated cells did not show it [26]. In
the second investigation, they tried to study the cytotoxicity of carbon-encapsulated iron
nanoparticles (CEIN) in murine glioma cells (GL261). These cells were divided into two groups:
one was treated at two different concentrations during 24 hours, whereas the other group was
the control group (untreated cells). Then, both groups were stained with Annexin V and the
analysis was performed by flow cytometer. The results indicated that the samples treated with
the higher concentration of CEIN induced some pro-apoptotic and necrotic events in the
glioma cell line. As a summary, this work have supposed a huge progress because it is the first
report which clearly displays that CEINs with surface modifications with acidic groups cause
murine glioma cell-specific cytotoxicity [27].

3. Immunological studies

Besides the fact that NPs play an important role in medicine area and their properties can be
used to improve traditional treatments and diagnostic agents [28], there are many biocompat-
ibility studies about size, shape, charge, solubility, and surface modification of NPs. However,
the interphase related to interactions between NPs and immune system is still not well
understood.

According to literature, NPs can activate and/or suppress immune response and the compat-
ibility with this system is determined by its surface chemistry. Therefore, NPs can be designed
to avoid immunotoxicity and reach desirable immunomodulation [29, 30].

31
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Preclinical data shows that NPs are not more immunotoxic than conventional drugs, so NPs
employed like drug carriers can provide advantages, such as the reduction of systemic
immunotoxicity. For instance, NPs can release the drug in a specific tissue in order to not alter
safe tissues and they may keep drugs away from blood cells. Moreover, NPs can also decrease
drug immunotoxicity by raising their solubility. However, NPs are generally picked up by
phagocytic cells of the immune system, such as macrophages. This incident can produce
immunostimulation or immunosuppression, which may promote inflammatory or autoim-
mune disorders. For example, granuloma formation was observed in the lungs and skin of
animals treated with carbon nanotubes [29].

Next, we briefly describe immunostimulation and immunosuppression linked to NPs uptake.

3.1. Immunosuppression

There are not many studies about this area for NPs because most of the researches focused on
the inflammatory properties of NPs [29].

One of the studies about immunosuppression has revealed that inhalation of carbon nanotube
(CNT) results in a reduction of immune system in mice. This is produced through a mechanism
that involves the release of TFG-f1 from lungs. Then, TFG-B1 goes into circulation and
increases the expression of two molecules whose function is to inhibit T-cell proliferation [31].

Other NPs that can produce immunosuppression are zinc oxide (ZnO) particles. They are able
to induce immunosuppression in vitro and in vivo in function of the different size and charge.
ZnO NPs suppress innate immunity such as natural killer cell activity. Moreover, the
CD4*/CD8' ratio, a marker for matured T-cells, serum levels of T helper-1 cytokines (interferon-
v and IL-12p70) and pro/anti-inflammatory were slightly reduced. In the opposite sense, no
significant changes were detected in T- and B-cell proliferation [32].

3.2. Immunostimulation

Biological therapeutics, where NPs are included, are able to activate the immune system. In
other words, nanomaterials are identified by this system and innate or adaptive immune
responses are produced. We briefly describe several effects of NPs on cytokine secretion,
immunogenicity and the mechanism through which nanoparticles are recognized by the
immune system.

On the one hand, many immunostimulatory reactions, driven by NPs, are mediated by the
release of inflammatory cytokines. Cytokines are signaling molecules inducted by different
types of nanomaterials: gold, dendrimers, or lipid nanoparticles, among others. Moreover, NP
size is an important factor for determining whether antigens loaded into NPs stimulate type I
(interferon-y) or II (IL-4) [29, 30]. For example, a study carried out from peripheral blood
mononuclear cells of non-atopic women showed that palladium NPs improved the release of
IFN-y [33]. In other study about THP1-macrophages, the results showed that chitosan-DNA
nanoparticles did not produce pro-inflammatory cytokines, whereas the secretion of metallo-
proteinase 9 and 2 was increased in cell supernatants [34].
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This kind of analysis is often evaluated by enzyme-linked immunosorbent assay (ELISA).
Antibodies and an enzyme-mediated color change are used to determine the presence and
relative concentrations of particular cytokines present in the tissue or cell culture media. [35,
36]. ELISA is based on the concept of an antigen binding to its specific antibody, which allows
identification of small quantities of molecules such as cytokines [36].

In turn, NPs induce antibody response (immunogenicity). NPs raise a special interest in this
area because immunogenicity is improved by stimulating the production of antibodies [30].
Plasma B cells are responsible for making antibodies, specialized proteins, in response to an
antigen [29].

A recent in vivo study about a novel dengue nanovaccine (DNV) has demonstrated that the
vaccine can stimulate humoral and cell-mediated immune responses. This vaccine is composed
by the dengue virus type 2 inactivated. Moreover, the adjuvant chitosan together with NPs
including cell wall components from Mycobacterium bovis were used to improve the action of
the DNV. Mice treated with this compound showed an increase of cytokine levels and a strong
anti-dengue IgM and IgG antibody response. The release of IFN-y produced by CD4" and
CD8* T cell was also incremented. In conclusion, these results demonstrated that the DNV can
be an important vaccine candidate for treatment of dengue disease [37].

Finally, we briefly mention the mechanism through which NPs are phagocyted into the cells.
Macrophages are responsible for the first line of defense in the organism. They detect and
uptake foreign molecules and synthesize mediators which warn the immune system about
infection. Raw 264.7, a mouse leukemic monocyte macrophages cell line, is the model line used
for the phagocytosis assays. For instance, Raw 264.7 was utilized in a new in vitro research
about the effect of silica and gold NPs in macrophages. The results showed that silica and gold
NPs decreased the ability of phagocytosis in 50%, while surface markers and cytokine secretion
were not disturbed due to the particles [38]. To evaluate this analysis, different methods can
be used depending on the composition of the nanomaterial. These procedures include confocal
microscopy, optical and fluorescence microscopy, transmission electron microscopy (TEM),
or scanning electron microscopy (SEM) [38, 39].

4. Conclusions and perspectives

Bearing in mind the importance and relevancy of the NPs in biomedical field, a better under-
standing of their effects on the human body is therefore required. According to the points
described above, the physicochemical properties of nanomaterials play a critical role in
toxicity. Thus, the alteration of these properties could be used to modify the toxicity and/or
biocompatibility of these materials. On the other side, it is also necessary to obtain the
maximum amount information about the interaction of biological interactions of NPs with
cells, tissues, and proteins. In fact, this could be a critical parameter for the future application
of nanomaterials in the biomedical area. In this review, special attention has been paid to the
protein corona because it plays a critical role in toxicity and biocompatibility. Many studies
have been performed; however, further studies are needed to know how to exploit the benefits
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of the corona in vivo; mainly, because it seems quite complicated to predict the composition of
proteins corona and its biological consequences.

Despite immense progress on the evaluation of toxicity and biocompatibility of nanomaterials,
from this comprehensive review it is pointed out that further experimentation is still ongoing
in this field to obtain a better and optimal understanding of the interaction between nanoma-
terials and the human body.
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Abstract

A tremendous interest to use nanomaterials for medical diagnosis and therapeutic
purposes has increased in the past few years. Although a lot of investigations focus
on the use of nanoparticles (NPs) for drug delivery in cancer therapies, there are
several studies investigating the potential use of NPs as carriers to detect allergies or
to alleviate inflammatory symptoms. However, although this represents a very
interesting interest and a potential avenue to use nanodrug systems, there are some
potential toxic risks. For example, cytotoxicity, oxidative stress, genotoxicity, and
inflammation have been reported both in in vitro and in vivo models for testing NPs.
In addition to medicine, a variety of other sectors, including electronics, cosmetics,
aerospace, textile industries, and even in food, used NPs. Consequently, the proba-
bility of human exposure to NPs has risen, leading to the possibility that NPs may
reach the blood circulation and interact with immune blood cells. Therefore, it is
crucial to evaluate the risk that NPs represent to human health. In different studies
using in vivo models of inflammation, especially those investigating airway NP
exposure, an increased number of leukocytes, mainly neutrophils, in the lungs and
bronchoalveolar lavages have been reported. In fact, neutrophil counts are used as
biomarkers of inflammation. Despite this and knowing that neutrophils are key player
cells in inflammation, it is intriguing that few nanotoxicology studies have focused
on how NPs can directly alter the biology of these cells. However, an increasing
amount of studies, including some from my laboratory, demonstrate that NPs can
activate human neutrophils by different manners in vitro and can attract them or not

in vivo. The focus of this review will be to cover this new area of research.

Keywords: Inflammation, neutrophils, nanotoxicology

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



40 Nanomaterials - Toxicity and Risk Assessment

1. Introduction

The use of nanoparticles (NPs) has increased in the past few years in various fields, including
textile, sport, defense, aerospace, electronics, biology, medicine, etc. There is also a growing
interest to use NPs in different applications, including diagnostic technology, bioimaging, and
drug/gene delivery. Therefore, voluntary or nonvoluntary human exposure to NPs and
nanomaterials is unavoidable and will certainly expand in the near future. This has led to a
growing interest in nanotoxicology, the study of toxicity of nanomaterials. Especially, a
number of studies reported the effects of NPs on pulmonary inflammation by investigating in
vitro activation of pulmonary cells with NPs and in vivo in a variety of models in which
neutrophils appear to be the predominant leukocyte cell type in the lungs and in bronchoal-
veolar lavages following inhalation or intratracheal instillation of NPs. It is reasonable that the
first studies focussed on pulmonary effects of NPs since inhalation is one of the major routes
of human exposure to NPs. However, even if several studies reported an increased number of
neutrophils, the literature dealing with the direct effects of given NP with neutrophils is poorly
documented and has been neglected until the last few years. In addition, since NPs are used
in a variety of sectors and are already included in several consumable products, NPs could
reach the blood stream and interact with immune cells. This review will summarize the current
literature dealing on the direct interaction of NPs with human neutrophils as well as recent
data indicating that the murine air pouch model of inflammation is suitable for evaluating the
ability of NPs to attract neutrophils in vivo.

2. Neutrophils: A brief overview

Polymorphonuclear neutrophil cells (PMNs) are important cells of the immune system
involved in host defense. In particular, they are primordial players of innate immunity and
provide a very effective defense against bacterial and fungal infections. Other than erythro-
cytes and platelets, PMNs are the most abundant cell type in circulation, representing more
than 65 % of total leukocytes. They are terminally mature nondividing cells which develop in
the bone marrow from CD34+ stem cells, resulting from a series of cell divisions and stages as
myeloblasts, promyelocytes, myelocytes, metamyelocytes, band neutrophils, and finally,
mature neutrophils. The mechanism is still not well understood; however, this occurs under
the influence of regulatory cytokines [1-3]. It takes about 14 days to obtain fully mature
neutrophils from the CD34+ precursor cells. Of note, more than 50 % of the bone marrow is
dedicated to the generation of PMNSs. A huge number of neutrophils are released from the
bone marrow. Indeed, this has been estimated at ~5 x 10" cells on a daily basis in a normal
adult. This represents one of the fastest cell turnovers in the human body [2, 3]. Therefore, cell
turnover must be under strict control in order to prevent diseases. The number of PMNs
remains relatively constant in healthy individuals, and this is due to the limited life span (half-
life of ~12 h in circulation) of these cells. In addition, PMNs are known to undergo constitutive
or spontaneous apoptosis, an important step for regulating cell number. Apoptosis renders
PMNs unresponsive to extracellular stimuli and leads to expression of “eat-me” signals, some
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molecules involved in the elimination of apoptotic PMNs by professional phagocyte, a process
called efferocytosis, largely responsible for the resolution of inflammation [4-7]. Because of
this, identification of proapoptotic or antiapoptotic agents is therefore of major importance.
When the rate of PMN apoptosis is accelerated, this results in an increase in bacterial suscept-
ibility. In contrast, when apoptosis is delayed or suppressed, this can aggravate inflammation
and lead to autoimmune disorders [4, 7].

Although different biochemical hallmarks of apoptosis, including cell shrinkage, chromatin
condensation and internucleosomal DNA degradation, appearance of pyknoticnuclei, caspase
activation, flip—flop of phosphatidylserines to the extracellular (outer) surface of the cell, etc.,
are observable in neutrophils [4, 6, 8], these cells are different from several other cell types. In
this respect, the common caspase substrates such as poly(ADP-ribose) polymerase, the
catalytic subunit of DNA-dependent protein kinase, the small ribonucleoprotein U1-70 kDa,
and the nuclear/mitotic apparatus proteins are not detected in PMNs [9, 10]. In addition,
human neutrophils do not express caspase-2 as well as the antiapoptotic Bcl-2 (B-cell lympho-
ma 2) proteins [11]. In contrast, a predominant expression of the antiapoptotic protein myeloid
cell leukemia-1 (Mcl-1) is observed in these cells. Also, it is important to mention that PMNs
possess a very low number of mitochondria that may have a role restricted to apoptosis rather
than for energy generation [12]. During apoptosis, mature neutrophils can release proteases
from azurophilic granules, including cathepsin D, which may contribute to caspase-3 activa-
tion through processing of caspase-8 [13]. Finally, unusual roles for nuclear proteins have been
reported in PMNs [14]. For example, unlike other cells, proliferating cell nuclear antigen
(PCNA) is expressed in the cytoplasm of mature neutrophils where it could bind to pro-
caspases, affecting their apoptotic rates.

Interestingly, both intrinsic and extrinsic pathways of cell apoptosis appear to be activated
during spontaneous human neutrophil apoptosis as evidenced, for example, by caspase-9
(intrinsic) and caspase-8 (extrinsic) activation [15-17]. More recently, increasing evidences
indicate that the endoplasmic reticulum (ER) stress-induced cell apoptotic pathway is also
operational in human PMNs [18, 19]. These cells were found to express inositol-requiring
protein-1 (IRE1), activating transcription factor-6 (ATF6), and protein kinase RNA (PKR)-like
ER kinase (PERK), the three major sensors of protein folding status in the ER [20, 21].

During acute inflammation, PMNs are the first type of leukocytes to migrate to an inflamma-
tory site, where they will produce several proinflammatory mediators including chemokines
that first attract other PMNs and then other cell types like monocytes-macrophages and
lymphocytes, corresponding to chronic inflammation. PMNs are phagocytes well recognized
for their ability to eliminate invading pathogens via two important mechanisms: 7) the
respiratory burst, which is an oxygen-dependent process leading to the generation of reactive
oxygen species (ROS), and ii) degranulation, an oxygen-independent mechanism by which
PMN:s release potent toxic degradative products stored in granules. In addition to reactive
oxygen metabolites and granule enzymes, PMNs are known to be an important source of
products implicated in tissue damage and inflammation such as leukotriene B,, platelet-
activating factor, and various cytokines (IL-1c, IL-8, IL-12, TNF-a, TGF-f3, GRO-at), to name a
few [1]. The importance of PMNs in inflammation is further supported by the observation that
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various PMN priming and activating agents such as IL-1p, IL-8, IL-15, GM-CSF, TGF-f3, C5a,
C9, etc., are present, for example, in the synovial fluids of rheumatic patients [22-24]. PMNs
are also known to adhere onto cell substratum (e.g., endothelial cells) [25] or onto extracellular
matrix proteins, including fibronectin [26]. Finally, PMNs can move toward a chemotactic
gradient (chemotaxis) and exert phagocytosis, two important functions involved in killing and
eliminating pathogens. About ten years ago, an important new discovery was made concern-
ing the biology of neutrophils; upon activation, these cells were found to release neutrophil
extracellular traps (NETs) composed of decondensed chromatin DNA in association with
histones, granular proteins, and a few cytoplasmic proteins [27]. NETosis, a sort of PMNs
suicide-generating NETs, was identified as a novel antimicrobial mechanism able to kill
extracellular bacteria, fungi, and parasites.

It is important to mention that the same arsenal and biological responses of PMNs discussed
above that are involved in host defense can also be deleterious for an organism when dereg-
ulation occurs. This phenomenon is known as the neutrophil paradox. Because of this, and
knowing the role of PMNs during inflammation (PMNs are seen as conductors of inflamma-
tion), it is very important to carefully understand the mode of action of PMN agonists as well
as to identify new ones, including the new actors, NPs. Because how NPs interact with PMNs
isan area of research that is still in infancy and that alot of work needs to be done, it is important
to determine how a given NP will alter or not several PMN functions in order to obtain a
general picture rather than investigating only one or two functions. Also, even if an agent is
not a direct PMN agonist by itself, it can be indirectly proinflammatory by attracting these cells
in vivo, as is the case with the cytokine IL-21 [28]. This aspect needs also to be studied with
NPs. For this reason, the following sections will describe how several PMN functions can be
studied in vitro. Of note, several techniques and methods can be used to determine a given
PMN function; but for clarity and simplicity, I will describe those that are used by several
laboratories, especially the assays that are routinely used in mine. In addition to this in vitro
aspect, I will described how we performed the murine air pouch model, a model recently
proposed by a consortium of 18 researchers from six different countries, as a future standard
assay for testing NPs in vivo [29].

3. Evaluating neutrophil functions In vitro

3.1. Neutrophil source

The first step for investigating neutrophil cell biology is to have access to a PMN source.
Although some researchers, including ourselves, used immature human cell lines such as
HL-60 and PLB-9895, these cells are not primary neutrophils and may respond differently [30].
Others used rodent PMNss for investigating the role of different agents on neutrophil biology.
However, it is important to remember that unlike humans where more than 65-70 % of
circulating leukocytes are neutrophils, this proportion do not exceed ~25 % in rodents [31]. In
addition, although methods for human neutrophil isolation are now standardized, similar
procedures for isolating PMNs from nonhuman species are not as well developed. Because
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PMNs are very reactive cells, the method of isolation is extremely important to avoid cell
activation during the isolation process. In respect with this, different techniques have been
proposed [32] for isolating highly purified PMNs from large animals (bovine, equine, ovine),
small animals (rodents, rabbit), and nonhuman primates (macaques). In my laboratory, we are
using human blood as a source of neutrophils and we freshly isolate them in order to perform
several studies, including the role of chemicals of environmental concern [30, 33-35], plant
lectins and extracts [36, 37], cytokines [28, 38-46], myeloid-related proteins [47-49], different
other compounds [19, 50-55], and, more recently, NPs [56-59]. Blood is obtained from healthy
consenting individuals according to institutionally approved procedures, but it is also possible
to isolate PMNs from blood of patients suffering from a given disease for comparison with
age- and sex-matched healthy individuals.

3.2. Cell viability, necrosis, and purity

It is important to evaluate cell viability immediately after PMN cell isolation. We propose to
determine this by the trypan blue exclusion assay since, during this method, it is also possible
to simultaneously evaluate if cells are activated (irregular cell shape) or not (round or spherical
shape) following the isolation procedure. In addition, it is mandatory to evaluate cell viability
over time, especially after 24 h of incubation, since the rate of apoptotic PMNs is normally in
the range of 30-50 % without addition of any exogenous agents. Moreover, apoptotic PMNs
are known to exclude trypan blue and are thus considered “viable” and not necrotic. In parallel,
we strongly suggest to evaluate neutrophil purity that could be verified by cytology from
cytocentrifuged preparations colored with Hema-3 stain set, a procedure allowing a differen-
tial count. We never performed experiments with samples having >3 % eosinophils, the most
contaminant cell type observed in our preparations. Other methods can also be used to
evaluate cell viability, such as the determination of the release of lactate dehydrogenase (LDH)
measured by a colorimetric assay and the dimethylthiazolyl-diphenyltetrazolium (MTT)
reduction assay. Several commercially available kits exist; however, it is mandatory to first
verify if a given NP could interfere with the assay to avoid false assessment of toxicity
[60-62].

3.3. Cell shape changes

Naive non-activated neutrophils possess a round or spherical shape [41]. To study the effect
of a given agent on neutrophil activation, cells have simply to be incubated in the presence of
the molecule of interest, and morphological examination is monitored over time by optical
microscopy [41, 58].

3.4. Actin polymerization

Actin is a cytoskeletal protein involved in several (if not all) PMN functions. It is possible to
study its polymerization as a marker of neutrophil activation [63] where actin monomer (G-
actin) will be reorganized to form, for example, filaments or F-actin. To do so, PMNs are
incubated for short periods of time (normally from 0 to 30 min) at 37 °C with buffer (control)
or with a molecule of interest in a final volume of 100 pL. Synthetic peptide N-formyl-
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methionyl-leucyl-phenylalanine (fMet-Leu-Phe) is used as a positive control for the assay [36].
After incubation, digitonin and paraformaldehyde are used for permeabilization and cell
fixation, respectively, and then PMNs are washed twice by centrifugation and incubated with
phalloidin-FITC (binds to filamentous of actin) for 20 min at 4 °C (light protected) prior to
FACS analysis.

3.5. Expression of tyrosine phosphorylated proteins

Another manner to determine rapid PMN activation by a given agent is to determine its
potential induction of phosphorylation events, especially tyrosine phosphorylation [44, 48].
This consists of incubating PMNs with a given agent for several short periods of time (typically,
30-60 s and 5, 15, and 30 min), and then the reaction is stopped by adding Laemmli’s sample
buffer, as described previously [30, 48]. Aliquots corresponding to a desire number of cells (we
are using normally 1 x 10° cells) are then loaded onto 10 % SDS-PAGE and transferred from
gel to a nitrocellulose or polyvinylidene difluoride membrane and nonspecific sites are treated
with a blocking solution [48]; the membrane is then washed and incubated with monoclonal
anti-phosphotyrosine antibody. The membrane is washed and incubated with a horseradish
peroxidase-conjugated anti-mouse IgG + IgM antibodies for about 1 h, and, after washing,
phosphorylated bands are revealed with ECL Western blotting detection system. In our hands,
protein loading is verified by probing the membrane (after stripping) with an anti-f3-actin or
anti-GAPDH antibody and/or by staining the membranes with Coomassie blue at the end of
each experiment.

3.6. Neutrophil adherence assay

Adhesion of PMNs is an important biological response involved during inflammation. This
response could be studied by several ways. In my laboratory, we determine the capacity of
PMN:s to adhere onto a cell substratum using the well-characterized human epithelial A549
cells [64]. Briefly, after obtaining the desired confluence of A549 cells grown onto coverslips,
PMN:s (pretreated or not with a given agent for a desire period of time) are stained for 30 min
with calcein AM and incubated with A549 cells. The number of adherent PMNs are then
calculated by counting the number of fluorescent cells from five randomly selected high-power
fields, as previously published [43, 64].

3.7. Chemotaxis

Chemotaxis of human PMNs could be easily studied using a Boyden chamber assay. The
bottom wells are loaded with buffer or agonists to be tested (typically in a final volume of 25
ul), the membrane is then placed over the wells, and the top layer of the chamber is added
over the membrane. Cells (in 50 pl) are added to the top chamber wells, and the chamber is
incubated at 37 °C for a given period of time (normally 0-60 min) in a humidified incubator
in the presence of 5 % CO,. After the incubation, the top of the chamber is removed and the
upper side of the membrane is wiped carefully with the rubber scraper furnished by the
manufacturer. Then, the membrane is fixed in methanol, colored with Hema-3 stain kit,
mounted on a glass slide, and examined under oil immersion at 400 x. The details of the
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procedure have been previously published [65, 66]. In this assay, the potent neutrophil
chemokine CXCLS (IL-8) is used as a positive control [67].

3.8. ROS generation

3.8.1. Superoxide production

Several assays can be used to evaluate ROS generation by human PMNss. Since the major source
of ROS in PMNs occurred after NADPH oxidase activation leading to superoxide production
(Oy), we routinely used the colorimetric assay based on reduction of cytochrome c, as previ-
ously published [48, 51]. Briefly, PMNs (1 x 10 cells/ml) are suspended in buffer supplemented
with 1.6 mM CaCl, with or without 10 pg/ml superoxide dismutase (SOD) with 130 uM
ferrocytochrome c for 5-90 min at 37 °C in the presence of various concentrations of the agonists
to be tested or phorbol 12-myristate 13-acetate (PMA) at 107 M, used as a positive control. The
reduction of cytochrome c is then monitored at 550 nm, and the concentration of O, anions
produced is calculated by the difference between corresponding wells with or without SOD
using an extinction coefficient of 21.1.

3.8.2. Detection of intracellular ROS

Flow cytometry is frequently used to measure ROS production. Using different probes, we can
evaluate the production of ROS mainly originating from the mitochondria or endoplasmic
reticulum, depending on the probe used. We routinely used the CM-H2DCFDA probe and
measured the fluorescence with a FACScan. ROS production is expressed as mean fluorescence
intensity (MFI) [48].

3.9. Degranulation

Degranulation is one of the most important functions exerted by PMNs for the defense of an
organism. Following activation, PMNs will rapidly release potent degradative enzymes and
several receptors involved in the recognition and ingestion of pathogens. These products are
localized in different kinds of granules: azurophil, specific/gelatinase, and secretory granules
[68, 69].Because granules will fuse with the cytoplasmic membranes and release some products
on the cell surface and then in the external milieu, it is possible to study in the laboratory the
cell surface expression of markers of the different types of granules [70]. Therefore, we
routinely determine the cell surface expression of CD35, CD63a, andCD66b by flow cytometry,
since these molecules are specific markers of azurophil, specific/gelatinase, and secretory
granules, respectively [47, 53, 56]. Excellent antibodies to these markers are commercially
available.

Although the expression of the above markers could be increased (or not) at the PMN cell
surface after stimulation, it is also important to determine if a protein known to be expressed
in a given type of granule is released into the external milieu. To do so, we harvested the
extracellular milieu after several periods of time following stimulation and performed Western
blot experiments using antibodies specific for myeloperoxidase (azurophil), matrix metallo-
proteinase-9 or MMP-9 (specific/gelatinase), or albumin (secretory). The details of the protocol
have been previously described [47, 53].
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Even if a given granule product is released by activated PMNs into the external milieu, it is
interesting to know also if an enzymatic activity could be preserved in the fluids. To test this,
we performed zymography assay. After stimulation of human PMNSs, cells are centrifuged at
13,000 rpm for 10 min at 4 °C and the pellets are discarded. The supernatants (10-50 ul,
corresponding to 50,000 cells) are then mixed with a nonreducing buffer (40 % glycerol, Tris-
HCI1M, pH 6.8, SDS 8 %) and separated on 10 % acrylamide gels containing 0.2 % gelatin.
Gels are washed twice for 30 min with 2.5 % Triton X-100 and incubated overnight in digestion
buffer (Tris-HCl 50 mM, pH 7.4, NaCl 150 mM, CaCl, 5 mM). The gels are stained with
Coomassie blue 0.1 % and then destained. Densitometric analysis is performed to quantify the
intensity of the white zones corresponding to gelatinase activity digesting gelatin incorporated
into the gel [47, 53, 71].

3.10. Phagocytosis

Our preferred technique for evaluating PMN phagocytosis consists of the ingestion of
opsonized sheep red blood cells (SRBCs). In this assay, PMNs are treated with a given agent
or the corresponding buffer for a given period of time and cells are incubated with SRBCs
pretreated with a final 1/200 dilution of commercially available rabbit IgG anti-SRBCs for 30—
45minat37 °Cina 1:5ratio. The samples are centrifuged 200 x g at 4 °C for 10 min. Supernatants
are discarded and, to eliminate noningested SRBCs, the pellets are treated with 300 ul of H,0O
for 20 s followed immediately by the addition of 4.5 ml ice-cold PBS [45, 48, 54, 72]. After
washing, the final pellets are suspended to a final concentration of 10 x 10° cells/ml. Duplicate
cytocentrifuged preparations are then stained with Hema-3 stain kit, and the phagocytosis rate
is determined by counting the number of PMNs ingesting at least one opsonized SRBC.

3.11. Apoptosis

Apoptosis can be evaluated by several different methods. We routinely determine the
apoptotic rate of human PMNs by two assays in parallel, by cytology and flow cytometry [37,
38, 40, 44, 51, 73]. For both assays, freshly isolated human PMNs are incubated (10 x 10° cells/
ml in RPMI-1640 supplemented with 10 % autologous serum) at 37 °C in 5 % CO, in 96-well
plates for 24 h with a given agonist and its corresponding buffer/vehicle. Cells are then
harvested to perform the assays as follows.

3.11.1. Cytology

For cytology, cells are cytocentrifuged on microscope slides, stained with the Hema-3 staining
kit and examined by light microscopy at 400x final magnification. Apoptotic neutrophils are
defined as cells containing one or more characteristic darkly stained pyknotic nuclei. Results
are expressed as the percentage of PMNs in apoptosis.

3.11.2. Flow cytometry

For the flow cytometric procedures, PMNs are stained with FITC annexin-v or an FITC
antihuman CD16 antibody. During apoptosis, the flip-flop of phosphatidylserines occurred,
leading to their expression at the cell surface. Since annexin-v possesses a very high affinity to
bind to phosphatidylserines, apoptotic cells will be positive to FITC annexin-v. In this assay,
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propidium iodide can also be used to measure cell necrosis in parallel. In contrast, cell surface
expression of CD16 (that is very high in normal PMNss) is lost during PMN apoptosis resulting
from CD16 shedding.

3.12. Cytokine production

PMNs are known to produce several cytokines [74]. There are several different approaches
that can be used to measure the production of cytokine. We prefer to study production of
cytokine at the protein level. We used an antibody array assay for screening purpose and then
quantified a given cytokine by ELISA. For both assays, supernatants of activated PMNs are
harvested and used for the detection of cytokines. When fluids are frozen, we normally use
them within three weeks after the experiments to eliminate possible cytokine/chemokine
degradation occurring over time.

3.12.1. Antibody array: Proteome profiler™ array

We used a commercially available human cytokine array panel for the screening purpose. All
the steps for the detection of different analytes are performed following the manufacturer
recommendation and as previously described [50, 75]. To detect the different analytes
(cytokines/chemokines), we used pooled supernatants harvested from neutrophils (10 x 10°
cells/ml in RPMI1640-HEPES p/s supplemented with 10 % autologous serum) treated for
different periods of time with buffer (negative control) and LPS (positive control) or with the
tested agents to probe the membranes. The chemiluminescent signal from the bound analytes
present in the supernatants is then detected on Kodak X-OMAT-RA film. The signal intensity
of each analyte (in duplicate) is normalized to the membrane’s positive controls. Protein array
membranes are scanned and densitometric analysis is performed using the AlphaEaseFC
(FluorChem HD2) software.

3.12.2. ELISA

The measurement of a given cytokine/chemokine (such as IL-6/IL-8) is determined with
commercially available specific enzyme-linked immunosorbent assay (ELISA) kits. Neutro-
phils are incubated as above in a 96-well plate, and the supernatants are harvested, centrifuged,
and stored at -80 °C for no more than three weeks before performing ELISA. Unlike the
antibody array assay described above, each supernatant (normally at least from five different
blood donors) is used to quantify the amount of the tested analyte.

3.13. De novo protein synthesis

Cells (10 x 10° cells/ml in RPMI-1640 medium supplemented with 10 % autologous serum)
are metabolically labeled with 4.625 MBq of the Redivue Pro-Mix L-[¥*S] in vitro cell labeling
mix in the presence or absence of a given agonist or with 1-10 ug/ml cyclohexymide (CHX),
an inhibitor of protein synthesis, or a mixture of both the agonist and CHX for 24 h [38,
41, 51, 76]. Cells are then harvested, and cell lysate is prepared for SDS-PAGE as previous-
ly described. After electrophoresis, gels are stained with Coomassie blue (to verify
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equivalent loading), dried, and exposed with Kodak X-OMAT-RA film at -80 °C for 1-3
days. Absence of new polypeptides is observed in the lanes where the cells were treated
with CHX.

4. Evaluating PMN infiltration In vivo

Several animal models of inflammation have been developed over the years. Some are
suitable for understanding the mechanisms involved in the development of inflammatory
diseases. The collagen-induced arthritis model is a good example [77-79]. Other models
focus on pulmonary inflammation, including mouse models of allergic asthma. Typically,
in this latter model, animals are sensitized to a foreign antigen by intraperitoneal injec-
tion in the presence or absence of an adjuvant. After the sensitization period, mice are
challenged with the antigen directly in the lungs or the nose, and airway inflammation is
then elicited. Although PMNs are known to exert some pathological effects during arthritis
and in some cases during asthma, the observed cells in these models are not necessarily
PMNs, but rather mainly some lymphocytes and eosinophils in collagen-induced arthritis
and asthma models, respectively. However, in several other inflammatory models where a
given agent is administered by inhalation, intratracheally or directly into lungs, PMNs will
be easily observed in the bronchoalveolar lavages or lungs. However, these models are time
consuming, are not the cheapest, and, in addition, necessitate a certain degree of techni-
cal skills. The rodent air pouch model of acute inflammation is probably the best, simple,
not time-consuming, and cheapest model for monitoring leukocyte influx, including PMNs.
This model has been used for investigating the inflammatory activity of a large number of
compounds, including cytokines [28, 43, 80], plant extracts and lectins [81-83], different
drugs [84-86], etc.

4.1. Murine air pouch

Several kinds of mice can be used to perform this model. For screening purpose, we
recommended to use outbred CD-1 mice since they are less expensive than other inbred
mice. Normally, we use female mice (6-8 weeks of age). A period of acclimation of about
one week is allowed to animals prior to initiation of the experiments. On days zero and
three, mice are anesthetized with isoflurane, and 3 cc of sterile air was injected subcutane-
ously, in the back, with a 26-gauge needle to form an air pouch as published previously.
On day six, 1 mL of buffer control (HBSS or PBS) or an increasing concentration of a given
compound is injected directly into the air pouch. Mice are then killed by CO, asphyxia-
tion 3, 9, 12, or 24 h after the treatment, and the pouches are washed once with 1 ml and
then twice with 2 ml of buffer containing 10 mM EDTA. Exudates are centrifuged at 100
X g for 10 min at room temperature, and supernatants are collected and stored at -80 °C
for further analysis. Cells are resuspended at 0.5 x 10° cells/ml, spread onto microscope
slides, and stained with Hema-3 stain kit for identification/quantification of leukocyte cell
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subpopulations. The details of the model have been previously discussed [28, 35, 50, 87,
88]. Interestingly, several kinetics could be done with this model as well as several different
experiments using the exudates such as the determination and quantification of different
soluble factors including cytokines and chemokines. Moreover, the exudates could be used
to perform zymography experiments to determine, for example, gelatinase activity. After
centrifugation of the collected exudates, cells can also be incubated in vitro for studying
the different PMN functions, especially in an experimental condition such as LPS-induced
murine air pouches, where more than 85 % of cells are PMN:ss. It is also possible to purify
a given type of leukocyte before performing in vitro assays. In brief, this model allows a
panoply of different experiments. For example, we have used this model to demonstrate
that an intraperitoneal administration of curcumin, prior to LPS-induced air pouch, was
able to inhibit the proinflammatory effect induced by LPS [50].

5. Nanotoxicology and PMNs

While NPs have great potential for human needs, there are increasing concerns that the
same features that make them so attractive and interesting also represent potential risks to
human health [89]. Consequently, a new branch of toxicology, nanotoxicology, has recently
emerged. Nanotoxicology could be defined simply as a discipline evaluating the role and
safety of NPs on health. Exposure to NPs has increased dramatically in the past few years
due to anthropogenic sources given that NPs can be formed via a wide variety of processes/
methods. These sources are numerous and include internal combustion engines, power
plants, and many other sources of thermodegradation [90]. Furthermore, intense research
and development by the industry and academia multiply the number of individuals
potentially exposed to NPs. Nanotoxicology is, therefore, a very complex discipline, and
the diversity and complexity of NPs makes chemical characterization not only more
important but also more difficult [91].

One of the most adverse effects of NPs reported in the literature is certainly inflamma-
tion. A variety of NPs were found to possess proinflammatory activities, principally based
on their ability to increase the production of different proinflammatory cytokines [92-95]
and on the observations that NPs can exacerbate airway inflammation in vivo [96-99].
However, as previously mentioned, inflammation is a normal biological response of the
body to various assaults, including microorganisms, injuries, dusts, drugs, and other
chemicals. Under normal circumstances, inflammation will subside and resolve itself in a
healthy individual through a series of tightly regulated responses. However, when
deregulation occurs, inflammation can lead to inflammatory disorders and diseases
including asthma and several pulmonary lung diseases, dermatitis, arthritis, inflammato-
ry bowel diseases, etc. [1, 100]. Curiously, despite the importance of PMNs in inflamma-
tion and since several studies reported an increased number of PMNs in NP-induced
pulmonary inflammation, there are few studies investigating the direct effects of NPs and
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their mode of action in PMNs. The following sections will cover different studies that have
been done regarding the effects of some NPs on PMN cell physiology.

6. Interaction between nanoparticles and human PMNs

6.1. Interaction between nanoparticles and human PMNs: Not so novel finally

Probably the first study reporting a direct effect of NPs with human neutrophils was done
more than 25 years ago where Hedenborg published in 1988 that titanium dioxide (TiO,) dust
induced the production of ROS by human neutrophils as measured by a chemiluminescence
assay [101]. Different dust particles (ranging in size from 345 to 1,000 nm) were tested, and
none of them were cytotoxic, as assessed by lysozyme release or trypan blue exclusion [101].
It was concluded that TiO, stimulated the chemiluminescence activity of PMNs in a concen-
tration-dependent manner and that particle size and surface structure of the dust were
important for determining the intensity of the response. Although the nanomaterial used for
this study was not-typical NPs based on the definition that the three dimensions need to be
smaller than 100 nM, the size was still in the nanometer range. In fact, the definition of an NP
is complex, and according to the 2011 Commission of the European Union, the definition of
an NP is: “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.” Therefore, according
to such a definition, a “nano” object needs only one of its dimensions, <100 nm, to be classified
as an NP, even if its other dimensions are not in that range. Strictly based on the nanometer
terminology, one can define any objects in the nm range as a nanoparticle or atleast as a “nano”
object as was the case with this study investigating the effect of TiO, dust.

6.2. Studies from different laboratories

The next section will cover studies investigating the direct interaction between NPs and human
neutrophils. Before describing works performed by others, I would like to mention that if some
studies have been forgotten, this is completely unintentional on my part. Also, it is important
to specify that few studies reported the effects of NPs on nonhuman neutrophils, including
fish [102, 103] and rat [104] PMNs that are not part of this present review. Nevertheless, in
brief, the results indicate that TiO, NPs stimulated oxidative burst and NET release in fathead
minnow PMNs [102], whereas fullerenes were found to inhibit oxidative burst and suppressed
the release of NETs and degranulation of primary granules [103]. In rats, poly(lactide acid) or
PLA nanoparticles were reported to be more efficiently phagocytosed than PLA/poly(ethylene
glycol) or PEG blends [104].

In one study, human PMNs incubated with increasing concentrations of polymethylmetha-
crylate (PMMA) NPs (50-60 nm) in vitro were found to release lactate dehydrogenase,
lysosome, and beta-glucuronidase in a dose-dependent fashion [105]. In contrast, PMMA NPs
diminished migration of PMNs in a dose-dependent manner, as assessed by measuring the
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distance attained by the leading front of cells in Boyden chambers. Interestingly, polystyrene
beads (50 nm in diameter) were employed as a physical control throughout the study, and they
were also found to affect the same PMN functions as compared with cells incubated with the
buffer alone, but the intensity of the response was inferior to that of PMMA NPs.

In 1996, using solid lipid NPs (SLN) produced by high-pressure homogenization of melted
lipids (glycerolbehenate, cetylpalmitate), Miiller and colleagues modified the surface of these
NPs with hydrophilic poloxamine 908 and poloxamer 407 block copolymers and found slightly
different results regarding the phagocytic uptake and cell viability of human PMNs [106].
Interestingly, cell viability was >80 % for all studied NPs with a diameter ranging from 123 to
246 nm, as assessed by the colorimetric MTT assay. Modification of the solid lipid NPs with
poloxamine 908 and poloxamer 407 reduced phagocytic uptake to 8-15 % of hydrophobic
polystyrene particles. The same team also reported, in another study, the in vitro cytotoxicity
of SLN as a function of lipid matrix and stabilizing surfactant not only in mature PMNs but
also in human promyelocyte HL-60 cells. These latter cells, which can be differentiated in
laboratory toward neutrophil-like cells with dimethyl sulfoxide, were used for comparison
with fully mature PMNs isolated from the blood of healthy volunteers. The aim was to use
this cell line to replace the daily PMN isolation that is costly and time consuming. They
reported that the nature of the lipid had no effect on PMN and HL-60 cell viability. However,
some distinct differences were found for the surfactants. For example, binding of poloxamer
184 to the SLN surface reduced the cytotoxicity of the surfactant by a factor of ~65. They
concluded that HL-60 cells represented a potentially good model for replacement of primary
PMN:s. In addition to HL-60, PLB-985 cells can also be driven by chemical treatment into
“neutrophil-like cells but, as we previously documented, both cell lines can respond differently
than PMNs [30, 107]. Therefore, I believe that results obtained from “real” human mature
PMNs are more easily interpretable for the evaluation of human risk.

The cytotoxicity of injectable cyclodextrin nanoparticles/nanocapsules (specifically, B-CDC6)
in mouse L929 fibroblasts and human PMNs has been determined in one study [108]. The
cytotoxicity was evaluated in the presence or absence of PF68, the most commonly used
surfactantin NP formulations and designed to be potentially utilized as an injectable nanosized
drug carrier. Depending on the formulation, the particle size distribution was between ~110
and 350 nm. Using MTT assay, it was concluded that f-CDC6 NPs do not exert a significant
cytotoxicity against both types of cells. Of note, although the experimental conditions were
appropriate for fibroblasts (three days before performing the assay), this is not necessarily the
same for human PMNs known to spontaneously undergo apoptosis when incubated in vitro;
about 50 % of PMNs are already in apoptosis after only 24 h [4, 37]. In 2006, the effects of
cholesteryl butyrate (chol-but) solid lipid NPs and PMNs were investigated [109]. In vitro
incubation of PMNs with 10%-104 M cholesteryl butyrate solid lipid nanoparticles (chol-but
SLNs, mean diameter of 130-160 nm) for 10-240 min did not lead to cytotoxic effects as
determined by the trypan blue exclusion assay [109]. Chol-but SLNs were found to inhibit
adhesion of PMNs onto fetal calf serum-coated plastic wells as well as onto human umbilical
vein endothelial cells. Also, in this study, the ability of FMLP-induced O, production and
FLMP-induced MPO release by PMNs was inhibited by chol-but SLN. More recently, the
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capacity of human immune cells to internalize rod-shaped and spherical gold NPs (AuNPs),
with diameters of 15-50 nm and a variety of surface chemistries, has been determined.
Interestingly, in contrast to monocytes—-macrophages that were found to ingest AuNPs [110],
PMNs rather “trap” them in NETs [111]. The cell-gold networks, already observed after 15 min
of treatment of immune cells with the AuNPs, were predominantly observed in PMNs and, to
a lesser extent, in monocytes and macrophages. This indicates that NETs act as a physical
barrier for NPs. In addition, in this study, the authors demonstrated that the particle shape is
not very important for particle trapping, whereas the positive charges significantly enhance
this phenomenon [111]. Influence of AuNPs on activation of human PMNs was also investi-
gated in another study where AuNPs with a size of 60 nm were found to induce generation of
free radicals as assessed by a chemiluminescence assay [112]. The authors proposed that the
influence of AuNPs on the membrane surface potential of PMNs was most likely the mecha-
nism involved.

Interaction between silver nanoparticles-polyvinyl-alcohol (AgNPs-PVA) and human PMNs
was recently investigated. In this study, PMNs were incubated in the presence of 10 uM of
AgNPs-PVA, and the increased ROS production was determined by flow cytometry using the
DCFH-DA probe [113]. Curiously, in this study, the authors determined necrosis and apoptosis
by flow cytometry after staining with PI and annexin-v in human hepatocellular carcinoma
(HepG2) and in peripheral blood mononuclear cells (PBMCs), but not in PMNs. Both cell
necrosis and apoptosis were significantly increased after treatment with the NPs. Further, they
investigated cellular uptake in HepG2 and PBMCs based on increased SSC fluorescence
intensity recorded by flow cytometry, but, again, not in human PMNs.

Several PMN functions, including viability, chemotaxis, phagocytosis, oxidative burst, and
cytokine production (IL-1p, IL-6, and IL-8), were investigated in response to an immunosup-
pressive agent sirolimus (SRL) alone, SRL-loaded poly(d,1-lactide) nanoparticles (SRL-PLA-
NPs), and plain PLA-NPs [114]. While phagocytic activity was markedly reduced, but
recovered within 3 h, the other tested PMN functions were not affected.

In their study, Haase et al. (2014) compared the effects of AgNPs and ionic silver (Ag+) on cells
of the innate immune system, in particular on PMNs and macrophages [115]. They generated
five kinds of AgNPs (diameters ranging from 2 to 35 nm) and did not observe any impact on
phagocytosis, oxidative burst, as well as activation of the TNF-a promoter. In contrast, AgNPs
and Ag+ were found to induce NET release and to inhibit the formation of nitric monoxide.
Also, both AgNPs and Ag+were found to increase intracellular ROS levels as well as the second
messenger Zn2+. Therefore, based on these data, the effect of AgNPs on human PMNs is not
specific to the particles since they are also observed with Ag+.

6.3. Our involvement in studying interaction with NPs and human PMNs

Our laboratory has been interested in investigating the role of NPs on the biology of human
PMN because one of the most reported adverse effects of NPs after administration in animals
or when incubated in vitro in different type of cells is inflammation, our main expertise. Of
note, we voluntary use unloaded, naked, or plain engineered NPs in our present studies based
on the fact that several kinds of NPs are commercially available and since we believe that it is
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important to first establish how human PMNs will react with a given NP before trying to use
this latter as potential carrier for drug delivery, for example. In addition, since these NPs are
relatively easy to obtain and that several of them are probably already used by workers in
different kinds of industries, it is warranted to understand their mode of action as they are
handled and/or used by individuals. The first study was published in 2010, indicating that our
involvement in this area of research is recent [57]. We investigated how human PMNs respond
to TiO, NPs since these NPs were (and are still) the most studied NPs reported in the literature.
We used a commercially available preparation of TiO, NPs (anatase crystals) of 1-10 nm in
size, as determined by transmission electronic microscopy (mentioned in the technical data
sheet and also confirmed by us). We first incubated freshly isolated human PMNs with
increasing concentrations of TiO, NPs (0-800 pg/ml) over time and determined their potential
cytotoxicity. As assessed by trypan blue exclusion assay, the NPs did not decrease cell viability
and only a small portion <3 % of cells were in necrosis after 24 h of incubation at the highest
concentration tested. We next determined if TiO, NPs could induce morphological cell shape
changes in PMNs, an indicator of cell activation. After 24 h, the optimal concentration inducing
cell shape changes was 100 pg/ml, a concentration used by others with human lymphocytes
[116]. Others reported the use of TiO, NPs up to 4,000 ug/ml for in vitro studies, but in U937
human monoblastoid cell line [117]. Interestingly, we demonstrated that TiO, NPs were able
to induce rapid tyrosine phosphorylation events in PMNs as quickly as 15 s, with a maximal
effect at 1 min of treatment. More specifically, we identified Erk-1/2 and p38 MAP kinases, the
two major enzymes involved in different PMNs functions, as targets of TiO, NPs [57].
Concordant with our data indicating TiO, NPs were not cytotoxic, we reported and demon-
strated that they significantly inhibited PMN apoptosis. Using an antibody array assay
allowing the simultaneous detection of different cytokines/chemokines, TiO, NPs were found
to increase the production of 13 analytes, including IL-8 and Gro-a, two potent neutrophil
activators. They exhibited the greatest increase (~16 times and ~4 times more vs control cells,
respectively). Because antibody assay is a semiquantitative assay, we next confirmed that
TiO, NPs increased IL-8 production by quantitative ELISA. Taken together, these results
clearly indicate that TiO, NPs are neutrophil activators.

In another study, we focused our attention on the human PMN degranulation process not only
in response to TiO, NPs but also after treatment with two other metal oxide NPs, zinc oxide
(Zn0O) and cerium dioxide (CeO,) [56]. This was probably the first study investigating the effect
of NPs on degranulation. Because TiO, was previously found to activate PMNs, we first
determine whether or not ZnO and CeO, NPs could be neutrophil modulators. We found that
all NPs (having the size of 1-10 nm) were able to activate PMNs, based on induction of actin
polymerization. As assessed by flow cytometry, the three types of NPs slightly downregulated
cell surface expression of the granule marker CD35 but increased CD66b and CD63 expression.
In addition, the protein expression of myeloperoxidase, MMP-9 and albumin stored in
azurophil, specific/gelatinase, and secretory granules, respectively, was significantly increased
in the supernatants of NP-induced PMNs vs supernatant from untreated cells. Also, both
TiO, and CeO, were found to markedly increase the enzymatic activity of MMP-9 released into
the supernatants, as determined by gelatin zymography. ZnO NPs were found to only exert a
modest effect in these experiments. Therefore, the three NPs can differentially affect all steps

53



54 Nanomaterials - Toxicity and Risk Assessment

involved during neutrophil degranulation, namely, cell surface expression of granule markers,
liberation of proteins in the supernatants, and enzymatic activity [56].

We next examined the role of AgNPs with a starting size of 20 nm (AgNP,;) on human PMN
apoptosis. Treatment of PMNs with AgNP,jresults in increased cell size, and TEM experiments
revealed that AgNP,, can rapidly interact with the cell membrane, penetrate inside neutro-
phils, localize in vacuole-like structures, and be randomly distributed in the cytosol after 24 h
[59]. Treatment with 100 pg/ml AgNP,, for 24 h (but not 10 ug/ml) increased the PMN
apoptotic rate as determined by cytology and by flow cytometry after staining with FITC
annexin-v. Also, AgNP,; was found to inhibit de novo protein synthesis as demonstrated by
gel electrophoresis of metabolically [*S]-labeled cells as strong as the potent protein inhibitor
cycloheximide. Therefore, AgNP,, was identified as potent PMN proapoptotic agents.
Preliminary experiments indicate that AgNP,, (70 nm), in contrast to AgNP,,, delays human
PMN apoptosis (our unpublished data) in agreement with the fact that an NP with a different
size (here 20 vs 70 nm) can act completely different.

Based on these results, we were interested in investigating more in depth how ZnO NPs can
alter human PMN biology. We demonstrated that ZnO increased the cell size, induced cell
shape changes, activated phosphorylation events, and enhanced cell spreading onto glass, but
did not induce the generation ROS [58]. In contrast to AgNP,,, treatment of PMNs with ZnO
markedly and significantly inhibited apoptosis and increased de novo protein synthesis.
Utilization of cycloheximide reversed not only the ability to increase de novo protein synthesis
but also the antiapoptotic effect of ZnO NPs. It was concluded that ZnO NPs are activators of
several human PMN functions and that they inhibit apoptosis by a de novo protein synthesis-
dependent and ROS-independent mechanism. In the future, it will be of interest to identify the
nature of proteins that are neo-synthesized in response to ZnO NPs.

7.Invivo infiltration of PMNS induced by NPs using the murine air pouch
model

The effect of different sets of nanoparticles were tested by Vandooren et al. [29] using the
murine air pouch model. The tested NPs were CANs maghemite, type I PEI-CAN-maghemite,
type Il PEI-CAN-maghemite, PDMAEMA-SCPNs, PMAAc-SCPNs, PLGA-COOH, PLGA-b-
PEG-COOH, Magh@PNPs, LNP LII, and CAN CIII. All details regarding their characterization
(size, zeta potential, PD], etc.) are described in their study. When compared with the negative
control (phosphate-buffered saline or PBS), the number of attracted leukocytes were increased
with all NPs, but PMAAc-SCPNs and CAN CIIL The highest count they observed was ~2.8 x
10° cells/pouch, after treatment with type II PEI-CAN-maghemite NPs vs ~0.8 x 10° cells/
pouch. Interestingly, for almost all tested NPs, the majority of leukocytes recruited into air
pouch were PMNs (sometime up to ~90 %). From this study, it was proposed to use the air
pouch leukocytosis model as a future standard assay for an in vivo test for nanoparticles.
Although I am in favor, it is important to mention that the leukocyte infiltration was only
determined after 24 h of treatment, a time point that is probably not the optimal one. As
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previously proposed [118], itis better to perform kinetic experiments with the murine air pouch
model, especially between 3 and 12 h, as we previously documented for determining the effect
of different kinds of agents on inflammation [28, 35, 43, 50, 87, 88, 119]. This is particularly true
for NPs, since their mode of action is still not fully understood. Moreover, time points after 24
h should also be investigated because of lack of knowledge with proinflammatory activity of
NPs in such a model.

The potential proinflammatory activity of iron oxide-containing magnetic nanoparticles
(MNPs) was investigated using the murine air pouch model. Administration of 1,000-MNPs
and 2,000-MNPs (1,000 and 2,000 referring to 1,000 pg or 2,000 ug of iron in terms of CAN
maghemite particles) in C57BL/6 mice induced a prominent influx of leukocytes, mainly PMNs
as determined by differential count and by flow cytometry using anti-CD11b + anti-/Gr-1
antibodies. The neutrophilia was similar to the effect obtained with the positive control
chlorite-oxidized oxyamylose [120]. Since several authors of this study were also authors in
the original work describing the use of the murine air pouch as a standard assay for in vivo
testing of NPs, they did not evaluate the effects of the NPs before the 24 h time point.

Although we have been using the murine air pouch model in our laboratory for ~13 years for
testing potential effects of different agents on inflammation, it is only recently in 2011 that we
used it to demonstrate for the first time that a given NP, namely, titanium dioxide (TiO,), was
proinflammatory. Indeed, administration of a single dose of TiO, NPs into the air pouch
attracted leukocytes after 3-9 h, where more than 80 % of cells were PMNs [75]. In addition,
in this study, we reported that TiO, NPs induced the production of several chemokines locally
present in the air pouch exudates. This model is a simple model that allows investigation of
an acute inflammatory response, the first step leading to chronic inflammation when deregu-
lation occurs, such as the many studies reporting an increased number of PMNss in the lung/
BALS[98, 99, 121-125]. On the other hand, the fact that an NP possesses some proinflammatory
properties could be of help for the design of drug delivery by NPs for clinical purposes. In this
regard, one can imagine attracting leukocytes such as PMNs into an inflammatory site by a
NP delivering (or coated with) a neutrophil proapoptotic molecule. Although this is specula-
tive at the moment, this remains an interesting avenue of research that needs to be explored
in the future.

Kinetic and dose-dependent experiments performed with the murine air pouch model of acute
inflammation revealed that, unlike TiO, used as a positive control in this model, C,(OH)n
(fullerenols) NPs werenot proinflammatory in CD-1 mice [126]. To further confirm thisnegative
resultand since, yet, no genetic susceptibility hasbeen reported regarding the biological activity
of NPs, we performed other sets of experiments using C57BL/6 and BALB/c mice. Again, no
significant leukocyte attraction was observed into air pouch. However, after 3 h of treatment,
C4(OH)n NPs were found to amplify the effect of lipopolysaccharides (LPS) causing a rapid
leukocyte influx in which the major cells observed were PMNs. Using an antibody array assay
to detect different analytes presentin the exudate led us to conclude that the amplification effect
is explained, at least partially, by an increased local production of several cytokines/chemo-
kinesin theexudates, including the proinflammatory cytokinesIL-13 and IL-6. In fact, the profile
of analytes was different in response to LPS alone, C4(OH)n alone, and the mixture of both.
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Using an ELISA to quantify the amount of IL-6, we demonstrated that C,,(OH)n increases the
LPS-induced local production of this cytokine. Therefore, although Cy(OH)n NPs alone do not
exert proinflammatory activity under certain conditions, they can act in concert with other
agents to cause inflammation, a situation that is likely to occur in vivo. These results further
reinforce that the murine air pouch modelis to be performed at different periods of time (kinetic
experiments) as discussed above.

8. Conclusion

Most of the in vitro studies discussed above evaluated the cytotoxicity and/or only one or few
PMN response(s). Yet, no study other than our own has determined the effects of NPs on the
PMN apoptotic rate, a very important process for regulating the number of PMNs. However,
more recent reports have investigated the interaction between NPs and PMNs by studying
different functions/responses, an approach that we encourage. The fact that TiO, NPs induced
the production of several analytes, including two potent chemokines (IL-8 and Gro-a) is a good
example demonstrating that NPs can indeed target PMNs that, in turn, could attract/activate
other cells [57]. It is highly probable that, in the forthcoming years, several aspects regarding
the effects of different NPs on the biology of human PMNs will be studied. Although there is
a growing interest in developing in vitro assays in nanotoxicology [127], it is also strongly
encouraged to use primary human cells as a source of in vitro cells for testing NPs, since
cancerous cell lines of different origins will complicate data interpretation for the evaluation
of human risk. In addition, determining how a given NP alters inflammation in vivo in other
models than those exclusively targeting the lungs, such as the murine air pouch model, will
help us to better evaluate the potential toxic mechanisms of NPs, especially how they alter the
inflammatory process.
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Abstract

Nanoparticles (NPs) are included in a variety of consumer products including
cosmetics, food, and food packaging. They are also used in medical products for
dermal and oral application and for inhalation. The thinness of the air-blood barrier,
the large absorption area of the lung, and the relatively low inactivation by enzymes
provide fast entry to the systemic blood circulation at high drug concentrations. In
addition to intended uptake, exposure to airborne particles from the environment and
to NPs released during the manufacturing process may occur. Cytotoxicity is
routinely studied for 4-48 h of exposure, but NPs may accumulate in cells and can
cause cellular effects after longer times. Both extent and consequences of cellular NP

accumulation are currently largely unknown.

In vitro studies could help estimating the extent and the consequences of cellular
accumulation and classify NPs according to their potential to cause adverse effects
upon chronic exposure. Furthermore, such information could help to decrease the
amount of labor- and cost-intensive and ethically problematic animal studies.
Important parameters for representative chronic cytotoxicity testing in vitro include
choice of the appropriate cells and of physiological relevant culture and exposure

conditions, verification of uptake, and identification of cell damage.

Calu-3 bronchial epithelial cells are a suggested cell line for physiologically relevant
testing when cultured on membranes, which allows supplying the cells with nutrients
only from the basal side (culture at an air-liquid interface). This culturing also enables
the exposure to NPs by aerosol. Cytotoxicity can be identified by changes in cell

number, membrane integrity, amount of DNA or protein, and metabolic activity.
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When cells are cultured on membranes and not in plates, measurements of the

transepithelial electrical resistance are a useful indicator for cell damage.

By slight modification of the culture conditions on the membranes, we could maintain
constant transepithelial electrical resistance values of Calu-3 monolayers for 28 days.
Every seven days, cells were exposed to two different doses of fluorescently labeled
20 nm carboxyl-functionalized polystyrene particles either suspended in a small
volume of liquid or by MicroSprayer® IA-1C aerosolizer. It was found that cells
accumulated particles in a linear way over the entire observation time without

apparent cell damage.

The presented system appears suitable for chronic cytotoxicity testing of inhaled NPs

in a physiologically relevant manner.

Keywords: Nanoparticles, Chronic effects, Particle uptake, Particle accumulation,
Cytotoxicity, Respiratory system

1. Introduction

Exposure of humans to nanoparticles (NPs) can occur accidentally by environmental particles
(e.g., air pollution) and intentionally because a variety of consumer products, cosmetics, and
medical products contain NPs. Release of NPs during the manufacturing process may result
in exposure of workers by the dermal, oral, and inhalation route.

Exposure to air pollution, such as ultrafine particles, is known to cause inflammatory airway
diseases and cardiovascular problems in humans [1]. Pope et al. [2] concluded that even low
levels of ambient particle exposure have a significant effect on mortality. The log-linear dose—
response relationship between particles and mortality, which was found in their study,
highlighted the risk upon exposure to relatively low ambient levels.

Lessinformation is available on health risk of inhaled NPs at the workplace. Reported exposure
levels in manufactories for printed electronics, nanoscale metal oxides, and ceramics were low
and below the allowed limits [3-6]. On the other hand, exposure to metal NPs in precious metal
refinery was higher than recommended limits, and mitigating measures were suggested [7].
Adverse effects of respiratory exposure to occupational NPs included allergic symptoms of
the respiratory tract and accumulation in the lung and peritoneum [8-10].

The lung is also one of the suggested routes for noninvasive medication because, compared to
dermal and oral exposure, inhalation provides higher bioavailability of active pharmaceutical
ingredients. The thinness of the air-blood barrier allowing fast entry to the systemic blood
circulation combined with the large absorption area of the lung and the low degree of
inactivation through enzymatic degradation by enterocyte and liver enzymes are the main
reasons for high systemic levels of inhaled drugs. Several NP-based products, such as nano-
salbutamol and nano-fluticasone [11, 12] for chronic obstructive pulmonary disease and
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asthma and nano-atropine sulfate against organophosphorus poisoning [13], successfully
finished testing in healthy volunteers. Furthermore, the safety of heavy chains of Fab fragments
of antibodies produced by Nanobody® technology for respiratory syncytial virus infections
has been demonstrated in a recent phase I trial [14]. Technosphere® (bis-3,6(4-fumarylamino-
butyl)-2,5-diketopiperazine that adsorbs active pharmaceutical ingredients) insulin has passed
clinical phase II and III trials [15] and is currently being reviewed by the FDA as inhaled
mealtime insulin for managing hyperglycemia in patients with type 1 and type 2 diabetes
mellitus. All applications are intended for longer time periods and raise the issue of potential
adverse effects on the respiratory epithelium upon chronic exposure.

2. Epithelial barriers of the lung

Airborne particles pass the conducting airways (trachea and large bronchi) and the small
bronchi and bronchioli and finally reach the alveoli, where gas exchange takes place. The
surface area of the lung is estimated to be 80-140 m? large [16]. This large surface is covered
by a small amount of lining fluid, approximately 10-20 ml in total, and separates the environ-
ment from the systemic blood circulation by only a thin air-blood barrier (0.1-0.2 pm thick).

2.1. Airway lining fluid

The mucus layer covering the trachea and main bronchi is much thinner than the mucus layer
in the oro-gastrointestinal tract. Indications of mucus thickness vary according to the different
techniques that were used for the measurement (Fig. 1). The layer appears to possess a
minimum thickness of 5-10 pm in the large airways, while a thickness of 6.9 um has been
measured for segmental bronchi [17, 18]. Other data report a constant thickness of 7 pm of the
periciliary layer of all large airways that possess cilia covered by a mucus gel layer with
maximum thickness of 5 um in the trachea and to 0.5 um in the bronchi [19]. There is a gradual
decrease in thickness of this layer, and 1.8 pm of lining fluid has been measured for human
bronchioles. It is likely that the mucus gel layer is not continuous and exposure to particles
might differ between cells [20]. Mucus and surfactant have different compositions; mucus
contains up to 95 % of water, followed by 2-3 % glycoproteins, 0.1-0.5 % proteoglycans, and
0.3-0.5 % lipids. Surfactant, on the other hand, consists of up to 90 % of lipids and 10 % of
proteins and therefore resembles more the composition of the human plasma membranes,
which on average contain 50 % lipid and 50 % protein [21]. The surfactant is not only reducing
the surface tension of the alveoli and preventing their collapse but presents also an effective
barrier against dehydration and invasion of pathogens.

2.2. Airway epithelium

The epithelium of the airways representing the main barrier for molecules and particles in
aerosols becomes thinner from the conducting (large) airways toward the alveoli, where gas
exchange takes place. In the large airways, the epithelium consists of columnar bronchial
epithelial cells with microvilli at their apical surface and goblet cells (Fig. 1). Smaller bronchi,
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bronchioles, have a cubic epithelium and secretory Clara cells, while alveoli are coated with a
squamous epithelium consisting of alveolar epithelial cell types I and II. Alveolar macrophages
migrate on the surface of this epithelium.
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Figure 1. Barriers for particle uptake by the respiratory system. The mucus layer of the large bronchi can be divided in
the periciliary (PL) surrounding the cilia of the bronchial epithelial cells and the gel layer (GL). The epithelial layer of
the large (conducting) airways consists of columnar bronchial epithelial cells with cilia (BE) and mucus-producing
goblet cells (GC). In the bronchioli, cuboidal bronchial epithelial cells (BE) and mucus-producing Clara cells (C) are
found. All epithelial cells reside on a basement membrane (BM). The air-blood barrier at the alveolus consists of alveo-
lar epithelial cell type I (AT-I) and surfactant-producing AT-II cells. Alveolar macrophages (M) migrate on top of the
alveolar epithelial cell layer. On the other side of the basement membrane, endothelial cells (EC) of capillaries are locat-
ed.

Cytotoxicity testing is one of the first steps in the evaluation of toxicants and preclinical testing
of drugs. Cytotoxicity of conventional compounds is routinely studied after 4-48 h of exposure
because conventional toxicants either acutely damage cells or are degraded by the cell. In
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contrast to many conventional compounds, NPs have the ability to accumulate in cells and can
cause cellular effects also after longer times, for instance, by interference with organelle
function. Both extent and effect of cellular accumulation of NPs are currently largely unknown.
Most likely these effects are both particle dependent (e.g., content of metal ions, solubility/
biodegradability) and cell dependent (expression of uptake routes, proliferation rate, intra-
cellular location). The thickness of the mucus layer on top of intestinal cells can reach up to
900 pm, while respiratory cells are covered only by a mucus layer of 12 um. Permeability of
the epidermis is low due to the formation of the stratum corneum. In addition to the lack of a
protective acellular layer, the turnover time of lung cells is slow. Cells of colon crypts are
completely renewed after 3-4 days, and cells of the epidermis need 39 days. In contrast to that,
after one year, only 7 % of alveolar cells are renewed [22-24]. This combination results in a
higher accumulation and a lower regenerative capacity. Accumulation of NPs upon chronic
inhalation has been shown, for instance, for titanium dioxide NPs applied to rats over 28 days
and three months [25].

In vitro studies could help to estimate the extent and the consequences of cellular accumulation
and classify NPs according to their potential for chronic effects. Such information could
decrease the amount of labor- and cost-intensive and ethically problematic animal studies. As
some defense mechanisms, particularly mucociliary clearance and clearance by the systemic
circulation, are lacking in cellular models, such studies might be a tool to identify NPs with a
low potential of accumulation and cytotoxicity and probably a lower need for chronic in vivo
testing.

3. Components of a representative chronic cytotoxicity model

In order to assess the effects of NP accumulation in a relevant way, the in vitro model has to
fulfill several requirements. The important biological parameters are 1) selection of the
appropriate cells, 2) physiologically relevant culture system, 3) appropriate NP exposure, 4)
demonstration of cellular uptake and accumulation, and 5) information on cell damage/
cytotoxicity (Fig. 2). For interpretation of the findings, changes in physicochemical properties
of particles have to be taken into account.

3.1. Selection of the appropriate cells

Cellular studies are performed with primary cells or with cell lines. Primary cells have to be
isolated from fresh tissues prior to the experiments. They retain many of the cell-specific
propertiesbut have alimited life span in culture. Due to the reduced availability of fresh human
tissue, mainly rat or murine primary cells are used. In addition to potential inter-species
differences, quality (cell viability) and purity (contamination with other cells) of the prepara-
tion may vary leading to low reproducibility of the experiments. In contrast to primary cells,
immortalized cells, cell lines, provide more reproducible results. Cell lines show a much slower
senescence rate and are termed “immortal.” Cell lines have different origins; they may arise
during transformation of tumors, due to the presence of a viral gene that partially deregulates
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Principle Realization

Calu-3

b

Figure 2. Key parameters for physiologically relevant testing of chronic exposure of airway cells. One potential realiza-
tion of the principle (a) is presented (b).

the cell cycle, by introduction of telomerase and by fusion with cancer (myeloma) cells. The
negative side of immortalization is that cells lose several cell-specific functions. Telomerase
immortalized cells are currently believed to be the best way of immortalization because
relatively many cell-specific functions are still present but only few TERT-immortalized
bronchial epithelial cell lines are available by commercial suppliers, mainly by the American
Type Culture Collection (ATCC). As a general rule, the selection of one or the other types of
cell is based on the scientific question that should be addressed. Studies on cell-specific
functions are performed better in primary cells. Basic cellular processes, such as proliferation,
necrosis, and apoptosis, are generally studied in cell lines. Several cell lines have been
described as representative models for respiratory cells [26]. They differ in their ability to form
a tight intercellular barrier, expression of specific transporters, and secretion products typical
for the respective cells. A549 cells and NCI-H441 cells are derived from alveolar epithelial cells.
Although they do not form a monolayer with sufficient tightness, A549 cells show surfactant
production and have been used in numerous toxicity studies [27, 28]. NCI-H441 cells are the
preferred line for transport studies since they form polarized tight monolayers and express
organic cation transporters and P-glycoprotein. Cell lines derived from bronchial epithelium
comprise BEAS-2B, NuLi-1, 16HBE140-, and Calu-3 cells. BEAS-2B cells lack tight junctions
and mucus production but express organic cation transporters. NuLi-1 cells have been
characterized to a lower extent and are rarely used although they form a tight monolayer.
16HBE140- cells have the ability to form tight junctions and express a variety of transporters.
Their main disadvantage is that they do not show the desired phenotype when cultured at an
the air-liquid interface, the most physiologically relevant type of culture for cells of the
respiratory system.
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Calu-3 cells have been described as the suitable model for pulmonary permeability studies [29]
with good correlation of permeability values with drug absorption from the rat lung in vivo
[30]. Calu-3 cells are derived from bronchial submucosal glands, which explains their ability
to produce airway surface liquid, mucins, and other immunological active substances [31].
When cultured on membranes at an air-liquid interface, they form cellular monolayers with
tightness and expression of membrane transporters similar to the situation in vivo. Calu-3 cells
show mucin-containing granules at the apical pole of the cell (e.g., [32]), but a mucus layer
covering the cells cannot be discerned. This problem is linked to the high solubility of mucus
in water. After fixation of the tissue and staining either with anti-mucin antibodies or with
alcian blue, no mucus layer can be discerned neither in native bronchial tissue nor in Calu-3
cells [33].

3.2. Culture conditions for respiratory cells

Culture at an air-liquid interface is required to provide the most physiologically relevant
exposure conditions. This culture method is characterized by supply of the cells with nutrients
only from the basal side. This is usually obtained by culturing the cells on membranes in
polystyrene housings. These inserts vary in membrane material and pore size and provide the
cells with enough support and nutrient supply to form a stable monolayer. Air-liquid interface
culture, where the apical part of the cell is exposed to air and not to medium, compared to
conventional culture is illustrated in Fig. 3. Respiratory cells cultured at an air-liquid interface
show increased differentiation resulting in production of mucus in Calu-3 cells and surfactant
in A549 cells [34, 35].

Aerosol

Figure 3. Different ways of culture: Cell grown at the bottom of well and exposed to NPs suspended in medium (a). In
culture at an air-liquid interface, cells are grown on membranes and supplied with nutrients from the basal side. In
this culture, respiratory cells secrete pulmonary surfactant (blue line). Cells are exposed to NPs applied as aerosols (b).
AC: alveolar cell.

For the testing of particle effects after prolonged exposure, a constant cell population is desired.
Routine cell culture systems are less ideal because cells on plastic surfaces proliferate faster
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than cells in the human body, and intracellularly located NPs are diluted to a greater extent
than in vivo. In addition, the high proliferation rate makes compensation of minimal damage
possible. Fast proliferation in the culture system has another disadvantage in the evaluation
by physiology-based assays used for cytotoxicity testing. All results are normalized to the data
of the untreated control cells. This normalization poses the problem that if the untreated cells
show physiological growth inhibition due to high cell densities, cell damage by NP could be
overlooked.

In order to prevent nonphysiologically high proliferation rates, physiologically relevant
culture systems have been developed. Culture in a polar environment, such as growth on
microspheres and on membranes, slows down proliferation. Three-dimensional systems
such as hanging drops and seeding in hydrogels, on microspheres, and on other scaffolds
have been developed. These systems are suitable for several types of cells but do not provide
adequate conditions for respiratory cells because cells are cultured submerged. An
adaptation of the hanging drop method, however, has been developed and validated for
evaluation of gaseous toxicants up to 20 days [36]. Cell culture on membrane inserts, which
has been developed to study active and passive transport mechanisms of compounds across
cell monolayers, appears suitable. A microfluidic system has been adapted in a way that
culture on transwells at an air-liquid interface is possible and A549 cells cultured that way
maintained differentiation and viability for 14 days [37]. It is, however, not clear whether
under these culture conditions a stable monolayer of cells is obtained since some research
groups report multilayer formation of A549 cells in air-liquid interface culture already after
three days, while other studies observed A549 monolayers for up to four weeks of air-
liquid interface culture [38]. Also 16HBE14o0- cells start the formation of multilayers after
17 days in this culture. One hypothesis for the formation of multilayers was absence of cell
removal from the apical side by medium changes. Calu-3 bronchial epithelial cells in air-
liquid interface culture appear to be suitable because transepithelial electrical resistance
(TEER) values remain constant for 17 days [39], while the most often used Caco-2 cells
maintain constant values for a maximum of seven days.

3.3. Exposure with particles

Several methods have been used to expose cells to aerosols either as dry powders or by
nebulization of solutions. Deposition by aerosols results in a heterogeneous distribution
pattern (e.g., [40]) not unlike the in vivo situation where also different densities of particle
deposition have been measured [41]. Several groups assessed the effects of environmental NPs
(diesel exhaust, smoke) in vitro using either diffusion chambers or more advanced devices in
static or dynamic exposure. Setups usually used exposures over 15-60 min, where the aerosol
is generated and cells are exposed in a humid atmosphere at physiological temperature (37
°C). Particle deposition in most of the systems is driven by sedimentation and diffusion. Only
few established systems, including electrostatic aerosol in vitro exposure system (EAVES) and
CULTEX® radial flow system, employ electrostatic precipitation. The Voisin chamber [42,
43], Minucell system [44, 45], Nano Aerosol Chamber In Vitro Toxicity [46, 47], biological
aerosol trigger [48], air-liquid interface cell exposure (ALICE) system [49-51], and electrostatic
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aerosol in vitro exposure system [52, 53] were developed by specific researcher groups. Other
systems, such as CULTEX® [54, 55], CULTEX® RFS, and VITROCELL® [56], are commercially
available. CULTEX® and VITROCELL® systems have been used in the testing of volatile
organic compounds, copper NPs, carbon NPs, zinc oxide NPs, gold NPs, polystyrene NPs,
cerium oxide NPs, and laser printer emission particles [44, 57-60]. ALICE system [49-51] and
VITROCELL/PARI BOY [61] have been used for aerosolization of NP-containing liquid
aerosols. The deposition rates by these devices showed considerable variations related to the
aerosolization technique. Related to the total aerosolized amount in nebulizers particle
deposition ranged between 0.037 % for aerosolized polystyrene particles/well in the VITRO-
CELL/PARIBOY system, 0.157 % in the ALICE system [51], and 2.8 % in the optimized ALICE
CLOUD system [62]. These systems may also lead to particle-dependent differences in
deposition [61].

To avoid differences in delivery due to material properties, the use of manual devices, like the
ones developed for animal exposures, might be advantageous. Delivery by these devices is
easy to perform, less expensive, and technically less demanding and results in a higher relative
deposition (amount of particles on cells related to total amount aerosolized) than by the more
physiological setups mentioned before. Frequently used syringe-based devices are available
from Penn Century Ltd and deliver aerosols generated from dry powder or from suspensions.
MicroSprayer® IA-1C aerosolizer for liquid aerosols and DP-4 Dry Powder Insufflator™ for
powder aerosols have been used for intratracheal delivery of nanoparticles and occupational
and environmental toxicants to mice and rats [63-66]. Both devices have also been used in
cellular studies [35, 61, 67-74]. Particle sizes produced by DP-4 Dry Powder Insufflator™ were
linked to the respective sizes of the formulated or of the not-formulated powders [75] and are
roughly similar before and after aerosolization [76]. The high amount of material that has to
be applied is problematic for in vitro studies. The minimal amount is linked to the accuracy of
the analytical balance and can be 1 mg as the minimum. An additional problem represents the
potential cell damage due to application. When using different distances between tip of the
device and cell surface, an optimum distance, when no cell damage occurred, can be identified.
With aerosolization devices from suspensions, such as the MicroSprayer® IA-1C aerosolizer,
also small amounts of NPs can be applied and the system, therefore, is less dependent from
the material. These systems show less electrostatic interaction between particles and devices,
aggregation of particles, and hygroscopy that decrease reproducibility of the experiments. The
main disadvantage of the MicroSprayer® IA-1C aerosolizer is the generation of droplet in sizes
of 20 um that under normal conditions cannot reach the deep lung.

4. Readout parameters

In order to correlate cytotoxicity and accumulation, particle parameters and cellular uptake of
the NPs have also to be determined.
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4.1. Particle stability

Stability of particles, including chemical stability as well as colloidal stability may change over
the incubation time. Chemical stability is changed by degradation and dissolution of the
particles, while colloidal stability is influenced by pH, ions, and macromolecules in the
biological fluid. Biodegradability is given for therapeutic aerosols, not for NP inhaled as air
pollution and at the workplace. Detection of degradation products is particle specific and
usually detected by mass spectrometry. Particle characterization includes changes in bulk
composition, in size and structure, and in surface composition, surface charge, electrophoretic
properties, surface hydrophobicity, and aggregation [77]. Changes in bulk composition are
measured by energy dispersive X-ray spectroscopy (EDS), inductively coupled plasma mass
spectrometry (ICP-MS), and combustion analysis (CA) but are less likely to show incubation-
dependent changes in biological systems. Particle imaging by transmission electron micro-
scopy, scanning electron microscopy, and atomic force microscopy can identify changes in size
and structure. X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET)
method, atomic force microscopy (AFM), and laser-Doppler velocimetry (LDV) are common
techniques to characterize surface properties of NPs. Agglomeration can be followed by static
light scattering (SLS), photon correlation spectroscopy (PCS)/dynamic light scattering (DLS),
small-angle neutron scattering (SANS), and nanoparticle tracking analysis (NTS) [78].

The most important parameter that has to be monitored during prolonged incubation is
colloidal stability. Colloidal stability of electrostatically stabilized particles is relatively low
because the surface charges are neutralized by ions in the solution and particles prone to
agglomeration. Binding of macromolecules may cause complex changes in surface charge,
composition, and hydrophobicity and often results in particle agglomeration. Coating of the
NPs with hydrophilic bulky molecules, such as polyethylene glycol (PEG), prevents binding
of proteins and sterically hinders agglomeration. For instance, gold NPs with PEG coating are
stable in physiological solution for 2-15 days [79]. Capping with biocompatible bulky organic
molecules, such as serum albumin and starch, also stabilized silver NPs better than electrostatic
repulsion by citrate [80]. This coating is absent for unintentionally inhaled NPs from the
workplace and environment, which therefore shows lower colloidal stability. Depending on
the particle properties with longer incubation in cell culture medium, either the average size
of the agglomerates or the fraction of large aggregates increased [81].

4.2. Cellular uptake/accumulation

Colorimetric reading might lack sensitivity but in principle is useful for quantification.
Prussian blue staining, for instance, is an established technique for demonstration of cellular
uptake of iron oxide particles [82]. Uptake can either be performed on the single-cell level or
in the entire population of exposed cells with fluorometric reading and flow cytometry. Also
inductively coupled plasma mass spectrometry (ICP-MS) is used for this purpose [83].
Microscopy-based techniques, such as laser scan microscopy and transmission electron
microscopy, may be suitable to confirm intracellular localization but are too laborious for
quantification. Software programs, e.g., provided as Image] macro, could be used to analyze
data from more cells [84]. Systems based on transmission electron microscopy scanning, rapid
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scanning X-ray fluorescence microscopy, and NMR relaxometric techniques are more speci-
alized techniques for quantification of intracellular NPs [85-87].

4.3. Cytotoxicity

The assessment of cytotoxicity commonly uses changes in physiology such as cell number,
membrane integrity, amount of DNA or protein, and metabolic activity as readout and
indicated as changes in viability. Signals that are obtained after treatment with samples are
referred to untreated or solvent-treated cells. Screening assays are usually followed by other
tests because decrease of viability can be the result of a variety of influences: depletion of
nutrients, interference with organelle function, changes in pH, disruption of membrane
integrity, induction of apoptosis, inhibition of proliferation, etc. When cells are cultured on
membranes and not in plates, also measurements of TEER values can be used to indicate cell
damage. A breakdown in TEER values can be caused by disruption of intercellular junctions
or by induction of cell death. Since no indicators are used in these measurements, TEER
measurements belong to the label-free detection techniques. A variety of other label-free assays
are used for cytotoxicity testing of NPs. They have the advantage that no dye can interfere
with cell metabolism or with the particles. NPs have been reported to interfere with conven-
tional cell-based assays in various ways and cause false-positive and false-negative results [88,
89]. Interference of NPs with colorimetric, fluorometric, and luminescent readout is usually
identified by inclusion of additional controls and performance of more than one assay. The
majority of the aforementioned methods in acute cytotoxicity screening can also be used for
the assessment of long-term exposure.

5. Own exposure system

In order to fulfill the requirements for organ-typical testing of NP accumulation, an exposure
system based on Calu-3 cells has been developed, which is described in the following.

5.1. Particles accumulation in Calu-3

5.1.1. Methodology

Calu-3 cells were cultured on polyethylene terephthalate membranes with pore size of 3 um
at an air-liquid interface and showed constant TEER values from the 10th day until the end of
the observation period, which was chosen at the 28th day (Fig. 4a). During the establishment
of the model, cultures with different amounts of liquid in the basal compartment were
characterized. When 1,500 pl was applied to the basal compartment, a pseudostratified
columnar but not completely stable epithelium was formed. It appeared that the cells did not
form a continuous monolayer but that at some locations also multilayers were formed. The
epithelium was not stable because, as has been already hypothesized by Lehmann et al.,
removal of the medium detached cells of the upper layer [38]. When only 500 pl was applied
to the basal chamber, the Calu-3 cells formed a stable simple columnar epithelium. The
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different morphology appears to be caused by different volumes that reached the apical
compartment resulting from hydrodynamic pressure of the fluid in the basal chamber. When
1,500 ul was applied to the basal compartment, the apical chamber contained about 250 pl of
fluid. At volumes of 500 pl in the basal chamber, only 50 pl liquid was collected from the apical
compartment.

Accumulation of 1.8 pg/cm? and 9 pg/cm? fluorescently labeled 20 nm carboxyl-functionalized
polystyrene particles was studied. Addition as suspension in 10 ul cell culture medium was
preferred to application as aerosol by MicroSprayer® IA-1C aerosolizer because data from
pilot experiments did not show differences between these application forms. Furthermore,
data were more reproducible upon application in small volume than with MicroSprayer®
IA-1C aerosolizer. Particles in cell culture medium measured 42 nm with zeta potential of -41
mV. Cells were incubated with the particles for seven days with medium changes in the basal
compartment every other day. After seven days, supernatants of cells were collected, cells were
rinsed in cell culture medium, TEER measured, and cells incubated with the same amount of
NPs for another seven days. This procedure was repeated up to a whole observation time of
28 days. Membranes with cells at each time point (7, 14, 21, 28 days) were subjected to
quantification and visualization of uptake. For quantification of cellular uptake, cells were
removed from the membrane by trypsin treatment and counted by electrochemical sensing
and cellular uptake determined by fluorescence plate reader. Cellular uptake was determined
using a standard curve produced from particle solutions diluted with cell culture medium
containing cells. This dilution medium was chosen to correct for interference like quenching
or autofluorescence by cells. Confocal images obtained by laser scan microscopy allowed
visualization of stratification of the Calu-3 cell layer as well as verification of intracellular
uptake. In addition, immunocytochemical detection of mucin 5AC was used to identify mucus
production of the cells.

5.1.2. Results

During the entire exposure time, no decrease in TEER values was noted, suggesting absence
of cell damage (Fig. 4a). Uptake of particles showed intercellular and regional differences (Fig.
4b). Over the entire observation time, Calu-3 cells formed a continuous monolayer, but not all
cells showed obvious staining with anti-mucin 5AC antibody as indication for mucus pro-
duction. This situation resembles the in-vivo condition, where also a non continuous mucus
layer in the bronchi has been reported [20]. Cellular uptake of NPs was higher in cells with no
mucus production (Fig. 4c). For both concentrations of polystyrene particles, linear cellular
accumulation was noted (Fig. 4d).

5.2. Discussion of the presented model

Calu-3 cells were cultured on polyethylene terephthalate membranes with pore size of 3 um.
These pores should allow the passage of the particles, but pilot experiments using naked
membranes showed that only a fraction of the carboxyl-functionalized polystyrene particles
(52 %) was detected on the other side of the membrane. Permeation of polystyrene particles
across 3 um polycarbonate membranes has been reported differently; while one study
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Figure 4. Accumulation of 20 nm fluorescently labeled carboxyl-functionalized polystyrene particles (red) in Calu-3 cells
over 28 days. TEER values remained constant over the entire exposure time (a). Differences in accumulation of NPs be-
tween cells are seen (b). In the volume-rendered 3-D reconstruction performed on the z-series of images at d28, accumula-
tion of NPs mainly in cells showing no prominent anti-mucus production (anti-mucin 5AC staining; green) is seen. Arrow
indicates the membrane on which the Calu-3 cell monolayers were grown (c). Quantification of cellular uptake by fluoro-
metric reading shows a linear accumulation of the particles over time (d). Doses of 1.8 pug/cm? and 9 pig/cm?® were applied
and theoretical uptake (Theory) is extrapolated based on the uptake after seven days. Scale bar: 20 um.
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recovered almost 100 % of 50 nm carboxyl-functionalized and plain polystyrene particles after
6 h [90], another group reported passage of about 25 % of 37 nm carboxyl-functionalized
polystyrene particles [91]. Low translocation rates after 24 h of incubation across the same
membranes are also reported for 50 nm silica NPs; more than 90 % of the applied particles
were trapped in the membranes [92]. These studies suggest that particle transport across
cellular monolayers may give erroneous data on cellular transport of polystyrene particles.

Growth of Calu-3 cells in air-liquid interface culture with different volume of medium in the
basal chamber could help in identifying differences between monolayered and multilayered
epithelium. However, the multilayers that were obtained when using a greater volume in the
basal chamber were less stable, and morphological variations and less constant TEER values
were obtained.

The currently used system is based on fluorescence labeling of the particles. This labeling may
cause changes in surface properties or size. For polystyrene particles, changes in surface
properties by fluorescence labeling can be excluded because the particles are synthesized and
subsequently swollen in organic fluid containing the dye. This is followed by gradient
evaporation of the solvent and repeated washing of the particles to remove dye from the
surface [93]. Any fluorescent labeling mode, however, bears also the problem of stability
because loss of the label may reduce the measured accumulation values when freshly prepared
solutions are used for preparation of the standard curve. The advantage of the polystyrene
particles that were used in this study is that they showed stable fluorescence over the entire
incubation time of 28 days. Preparation of the standard curves using stock solutions, which
are kept under the same conditions as for the cellular exposures, may be more appropriate. It
is, however, not excluded that the dilution influences stability since fluorescently labeled
particles are more stable in concentrated than in diluted solution (https://www.bdbioscien-
ces.com/documents/BD_Accuri_SPHERO_RainbowCalibration_Particles_ProdInfoSh-
eet.pdf). In addition, stability may be different for intracellular- and extracellular-located
particles. Degradation of the label by intracellular enzymes might be expected to reduce the
stability of the fluorescence of intracellularly located particles.

The estimate of NP uptake in this study was based on particle uptake after seven days; this
uptake could be the result of an inhibited uptake already at that time. Sequential exposure to
different NPs and measurement at shorter time points than seven days could be used to answer
the question whether the presence of intracellular particles affects the uptake of new particles.

The type of intracellular localization/accumulation may influence cellular effects. Most NPs
are taken up by endocytotic mechanisms that deliver their content to lysosomes. Studies on
correlation of intralysosomal and extralysosomal accumulation to cell damage may provide
further information.

In the concentration range tested, no obvious inhibition of particle uptake was seen, suggesting
that cells can handle these particle concentrations without obvious damage. For the identifi-
cation of potential threshold values and mechanistic studies, exposure to higher concentrations
of NPs has to be performed. In addition to that, studies on other particle sizes may provide
further insight into cellular effect of inhaled NPs.
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In addition to cytotoxicity, exposure to NPs may induce inflammation and including cytokine
release as readout parameter may identify this effect. Secretion of the cytokines interleukin-6
and interleukin-8 has been used as an indication for inflammatory response in Calu-3 cells [94].

Co-culture of alveolar epithelial cells with macrophages could provide more insight into the
interplay of different cell types at the alveolar barrier. It is questionable that both cell types can
be observed over longer periods because of the different medium requirements and prolifer-
ation rates.

6. Conclusion

Chronic cytotoxicity testing of respiratory cells is linked to specific problems. Only few cells
tolerate air-liquid interface culture for a prolonged time and without change in morphology.
Exposure to aerosol may present particle-dependent delivery rates. The presented exposure
system fulfilled all requirements for physiologically relevant testing of prolonged contact to
NPs by respiratory exposure. Doses that were applied in the model are in the same order of
magnitude as therapeutic aerosols [95]. The data showed relatively low inhibition of particle
uptake by intracellularly accumulated NPs. Study of particle transport is limited by the fact
that insert membrane do not allow unimpeded passage of the particles.
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Abstract

The concern regarding the safety of nanomaterials for the human body is constantly
raising. On one hand, there is an increase in the production of nanomaterials for
technological applications, which raises the risk of accidental exposure of the workers
during the technological manipulation. On the other hand, nanomaterials can be
designed for medical applications and their faith in the human body, along with their
interactions with different tissues, becomes of vital importance.

The mechanisms involved in nanomaterials toxicity are discussed, including
oxidative stress and inflammation. I vivo toxicity evaluation includes different routes
of administration or interaction between the nanomaterial and the organism, as well
as a short-term or a long-term exposure or evaluation. Also, the characteristics of
nanomaterials, including size, shape, impurities, function, surface coating in relation
to their toxicity, were discussed. A particular attention has been given to the evalua-
tion of the toxicity of dendrimers, silver nanoparticles, gold nanoparticles and carbon

nanotubes.

Keywords: toxicity, oxidative stress, nanoparticles, carbon nanotubes

1. Introduction

Research in the field of nanomaterials and nanotechnology has seen exponential growth in
recent years due to multiple applications in different areas such as molecular imaging, drug
delivery, engineering technology, and development of materials and medical devices for
diagnosis and treatment. Generally, the biological effects of nanomaterials depend on their
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electronic, magnetic, optical, and mechanical properties and also on their size, composition,
and shape.

However, the impact of these nanomaterials on human and environmental health is still
limited. Most studies have investigated only the effects of unintended exposure (inhalation,
medical procedures or accidental ingestion) and evaluated especially local effects, at the access
site [1, 2]. Nevertheless, due to the development of various biomedical procedures using
nanomaterials it is necessary to understand their potential toxic effects at systemic level.

An increasing number of studies published in the last decade have tried to decipher the
complexity of interactions between different types of nanomaterials and cells. Nanomaterials
usually get into the body either by inhalation and ingestion or transcutaneous [3, 4], most often
accidentally in the process of synthesis, through their usage, after wearing gold and silver
jewelry or by eating food containing gold. Nevertheless, the behavior of nanoparticles inside
the cells is still an enigma, and not all the metabolic and immunological responses induced by
these particles are completely understood. In addition, the conclusions obtained have been
variable and contradictory according to the type of nanomaterials used, their size, shape, and
surface chemistry. Based on the multitude of uses in pharmaceutical and medical applications,
a thorough understanding of associated systemic and local toxicity is critically necessary.

2. Nanomaterial design considerations

Generally, the nanomaterials toxicity has been thought to originate in size and surface area,
composition, and shape. Size influences the cellular uptake and response to nanomaterials,
their distribution and elimination from the body. It has been shown that nanomaterials with
small size have an exponential increase in surface area relative to volume, making the surface
more reactive in itself and to biological components from surrounding environment. Several
in vitro studies have shown that the latex nanospheres uptake into the nonphagocytic cells is
higher at small sizes (50 - 100 nm) and decrease with the increase of the diameter (over 200
nm) [5]. Usually, nanomaterials with small sizes accumulate mainly in certain tissues (spleen,
liver, lung, and kidneys) where they interfere with their biological functions [6, 7].

Chemical composition at the surface influences the chemical interactions of nanomaterials with
biomolecules. Most nanomaterials are functionalized on the surface in order to increase blood
circulation and to be more biocompatible for use in targeted therapy. Therefore, different
functional groups were added to the outside to allow a better interaction with biological
components and to aid the passage of nanomaterials in certain cells.

The phytochemical synthesis of nanoparticles using polyphenols from plants or fruits plays
an important role in the field of nanomedicine as it offers a safe alternative therapeutic
option. David et al. [8] synthesized silver nanoparticles using European black elderberry
fruits extract (Sambucus nigra - SN, Adoxaceae family). The new materials were tested in
vitro on spontaneously immortalized, human keratinocytes (HaCaT) exposed to UVB
radiation, in vivo on acute inflammation model, and in humans on psoriasis lesions. The
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results obtained demonstrated the anti-inflammatory effects of functionalized silver
nanoparticles both in vitro as well as in vivo. Thus, the bionanocomposites reduced cytokine
production induced by UVB irradiation and diminished the edema and cytokines levels in
the paw tissues, early after the induction of inflammation and presented long-term
protective effect. Silver nanoparticles functionalized with natural extracts applied on
psoriasis lesions exhibited anti-inflammatory effect [8]. Materials based on gold nanoparti-
cles and natural compounds extracted from native plants of the Adoxaceae family (Europe-
an cranberrybush — Viburnum opulus L. and European black elderberry — Sambucus nigra L.)
possessed anti-inflammatory activity, both in vitro as well as on psoriasis lesions, mainly
due to their high content of anthocyanins and other polyphenols [9].

The degradability of the material is also an important factor for acute and long-term toxicity.
Thus, the nondegradable nanomaterials can accumulate in cells, where they can cause
detrimental effects similar to those of lysosomal storage diseases. By contrast, the biodegrad-
able nanomaterials can undergo changes in cells and may lead to unpredicted toxicity due to
unexpected toxic degradation products. They can release toxic products in the biological milieu
leading to free radical formation and consequently to cellular damage. Recently, Champion et
al. have shown that phagocytosis of nanomaterials depends on the contact with materials and
consequently on their shape [10]. Thus, nanorods particles are less internalized in cells
compared to spherical materials [11]. Wang et al. suggested that the difference between cellular
uptake and cytotoxicity of spherical particles and nanorods depends on chemical compounds
used to stabilize the nanomaterials [12]. For example, cetyltrimethylammonium bromide
(CTAB), a cationic surfactant used to stabilize gold nanorods, can induce intracellular aggre-
gation and explain nanorods cytotoxicity compared to spherical particles [12, 13]. In order to
reduce nanorods toxicity other substances may be used: PEG, citric acid, and transferrin [11].

3. Mechanisms of nanomaterials toxicity

The most important mechanism of in vitro and in vivo nanotoxicity is related to the induction
of oxidative stress by free radical formation, directly into the acidic environment of lysosomes
[14]. Free radicals are released from phagocytic cells as a response to foreign material,
insufficient amounts of anti-oxidants, presence of transition metals, or environmental factors
[15]. The most exposed organs to nanomaterials are the liver and the spleen, especially due to
the prevalence of phagocytic cells in their reticulo-endothelial system. In addition, the organs
with high blood flow such as kidneys and lungs can be affected.

Hydrogen peroxide generated in vivo can react with silver nanoparticles and lead to releasing
of Ag*ions [16]. In excess, free radicals cause the damage of cellular macromolecules through
the oxidation of lipids, proteins, and DNA. Injury of cell membranes results in leakage of
cytoplasmic contents and necrosis, whereas rupture of lysosomal membranes can induce
apoptosis. In addition, the reactive oxygen species (ROS) can stimulate the inflammation
through up-regulation of redox-sensitive transcription factors (nuclear factor kB — NF-kB,
activator protein-1 — AP-1), and mitogen-activated protein kinases (MAPK) [15].
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Intracellular, nanomaterials may interact with different components, especially with mito-
chondria and nucleus, considered as main sources of their toxicity. Nanomaterials such as
metal nanoparticles, fullerenes, and carbon nanotubes are located in mitochondria and induce
apoptosis and ROS formation [15]. The effect on nuclear DNA leads to nuclear damage, cell-
cycle arrest, mutagenesis, and apoptosis. The action is due to the diffusion of nanomaterials
into the nucleus and formation of ROS, which directly trigger DNA damage and induce
chromosomal abnormalities [3]. Silver nanomaterials significantly up-regulate the gene
encoding thiore-doxin-interacting protein (Txnip) and determine mitochondria-dependent
apoptosis [17]. On the other hand, the oral silver administration did not induce micronucleus
formation in rats following 28 days of treatment [18], suggesting lack of short-term toxicity.

It was demonstrated that silver nanoparticles were able to bind to thiol (-SH) groups within
proteins and promoted their denaturation [19] including antioxidant enzymes such as
superoxide dismutase and glutathione peroxidase. In blood, silver binds to albumin and
decreases its ability to transport [20]. Gold nanoparticles can induce genotoxicity and block
the transcription due to their ability to bind to DNA [21]. Some nanomaterials can stimulate
the up-regulation of nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) and
xanthine oxidase in macrophages and neutrophils and generate free radicals. After absorption
into the systemic circulation, the nanomaterials interact either with blood components and can
lead to hemolysis and thrombosis or with the immune system and produce immunotoxicity.

Cho et al. [22] have shown that PEG-coated gold nanoparticles caused a transient inflamma-
tion and induced acute liver influx of neutrophils in parallel with increase of adhesion
molecule levels (ICAM-1, E-selectin, and VCAM-1), chemokines, and inflammatory
cytokines (IL-1p, IL-6, IL-10, IL-12@, and TNF-a) in liver up to 24 hours. Moreover, Lanone
et al. suggested that intermediate metabolites of nanomaterials generated in the liver can
contribute to hepatotoxicity [6]. Abdelhalim and Jarrar have shown that gold nanoparti-
cles (10, 20, and 50 nm) administered for 3 or 7 days induced alterations in the hepato-
cytes, portal triads, and sinusoids. The changes were size-dependent and related with time
exposure of nanoparticles and were explained by interaction with proteins, hepatic enzymes,
and local antioxidant defense system [23].

4. Assessment of nanomaterials toxicity

As current studies show conflicting results on safety and the biocompatibility of nanomaterials,
it is recognized that the validation of analytical methods used to determine toxicity is of major
importance. A complete evaluation of nanoparticles for therapeutic use includes thorough
physicochemical property characterization, biodistribution, and toxicity evaluation, both in
vitro and in vivo [24]. Transmission electron microscopy (TEM) and dynamic light scattering
(DLS) are commonly used techniques to measure the size and shape of nanomaterials in
biological systems and to evaluate their aggregation into cells [24, 25]. In vitro toxicity will
follow the cellular viability, apoptosis and oxidative stress markers, and genotoxicity.
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In order to evaluate the acute in vivo toxicity of nanomaterials, the Organization for Economic
Cooperation and Development (OECD) guidelines recommend oral toxicity test, eyeirritation,
corrosion and dermal toxicity, and lethal Dose 50 (LD50).

For acute oral toxicity test, the mice receive orally colloidal nanomaterials at the limited dose
of 5000 mg/kg body weight (LDs,). The animals are observed for toxic symptoms for the first
3 hours and after 24 hours the number of survivors is noted. The animals are maintained and
observed daily over 14 days for skin symptoms (edema, erythema, ulcers, bloody scabs,
discoloration, and scars) and toxic signs (weight loss, water and food consumption, behavior).
At 1,7, and 10 days after exposure, skin biopsies are performed for histopathological evalua-
tions and blood is taken for biochemical (triglyceride, cholesterol, glucose, glutamic oxaloacetic
transaminase (GOT) and glutamic pyruvic transaminase (GPT)) and hematological investiga-
tions. All animals are sacrificed after 14 days and skin and liver are collected for routine
histopathological examination.

For acute eye irritation and corrosion test the animals are treated with 1.50 ppm and 2.5000
ppm colloidal nanoparticles, respectively [26]. Briefly, 0.1 ml of colloidal suspension was
placed in the conjunctival sac of one eye/animal and the other eye serves as a control and is
treated with the same volume of distilled water. The animals are observed for toxic symptoms
at1,12,24,48, and 72 hours after administration. The eye reactions of conjunctivae respectively
cornea and chemosis are graded as recommended the grading system of OECD 405 guidelines.
The animals are maintained and observed daily over 14 days for toxic symptoms.

For acute dermal toxicity test the animals are randomly divided in three groups (n=3) as
follows: group 1 receives vehicle (distilled water) and groups 2 and 3, receive 50 and 100.000
ppm of colloidal suspension, respectively. All treated groups received the preceding chemicals
at 300ul/ecm?. All animal experiments were performed according to the Organization for
Economic Cooperation and Development (OECD) 434 guidelines (acute dermal toxicity-fixed
dose procedure) [27]. Briefly, colloidal suspensions are applied to a shaved area of skin, an
approximately 4 x 3 cm rectangle, then the area is covered with a dressing and non-irritating
tape for 24 hours. After 24 hours of exposure, the dressing is removed and the treated area is
gently washed with physiological saline and the number of survivors is noted. The animals
are maintained and observed daily over 14 days for skin symptoms (edema, erythema, ulcers,
bloody scabs, discoloration, and scars) and toxic signs (weight loss, water and food consump-
tion, behavior). At1, 3, and 7 days after exposure, skin biopsies are performed for histopatho-
logical investigations. All animals were sacrificed after a 14 days observation period and skin
is collected for routine histopathological examination.

Maneewatttanapinyo et al. observed in an acute toxicity study of colloidal silver nanoparticles
that the oral administration of particles at a limited dose of 5.000 mg/kg produced neither
mortality nor acute toxic signs during 14 days. All the hematological and biochemical analysis
and the histopathological investigations did not show any differences between the groups
examined. The instillation of silver nanoparticles at 5.000 ppm determined a transient eye
irritation for 24 hours. The skin application of tested substances did not induce toxicity at the
macroscopical and microscopical level [28]. Another study showed that gold nanoparticles
functionalized with natural compounds extracted from native plants of the Adoxaceae family
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(European cranberrybush — Viburnum opulus L. and European black elderberry — Sambucus
nigra L.) had no toxic effects at the dermal toxicity test [9]. All the parameters evaluated showed
no significant changes in hematological, biochemical, and histopathological analyzes.

In addition, it is crucial to appreciate the biodistribution of nanomaterials. For this purpose,
the materials are conjugated with a label or organic dye that can be tracked in blood and tissue
at different time points. The methods have the disadvantage that the dye can be degraded in
time and limits its detection in long-term toxicity studies. In addition, it may interfere with the
metabolism of nanomaterials and transformation in intermediate compounds.

Moreover, the analysis of biomarkers of inflammation and oxidative stress would enhance
mechanistic studies into nanomaterial toxicity. For the evaluation of chronic toxicity and
carcinogenic potential of nanomaterials, the OECD guidelines recommend the administration
of substances for 12 and 24 months, respectively. After this period, the survival rate, the clinical
toxicity signs, animal behavior, tumor incidences, and histopathological findings in the liver,
spleen, kidneys, brain, ovary, and testis will be assessed.

5. In vivo toxicity of nanomaterials

5.1. Dendrimers

Dendrimers or cascade polymers represent a heterogenic class of compounds consisting of
linear or random-coil polymers such as polyethylene glycol, polylactic acid, polyglycolic acid,
dextrin, hyaluronic acid, chitosans, polyglutamic acid, etc. [29]. They have different chain
length and molecular weight, different chemical structures, and consequently different in
vivo behavior (biodistribution, pharmacokinetics, stability, and toxicity). Dendrimers offer
many advantages including spherical size, low viscosity, narrow polydispersity, and high
density, qualities for which they were used as good vehicles for drug or gene delivery.
However, their toxicity has not been systematically investigated.

In systemic circulation, positively charged dendrimers and cationic macromolecules can
interact with blood components leading to hemolysis [30], which may induce nephrotoxicity
and hepatotoxicity [31]. In fact, dendrimer toxicity is dose and generation dependent and is
related to the surface charge, the cationic dendrimers being more toxic than anionic com-
pounds. The toxicity of dendrimers is influenced by the nature of the terminal groups, and the
addition of inert polyethylene glycol (PEG) or fatty acids can reduce their toxicity and improve
biocompatibility [15].

5.2. Silver nanoparticles

Nanoparticles are defined as particles sized between 1 and 100 nanometers (107m) [32]. Silver
has been widely used in biomedical applications such as preservatives in cosmetics, textiles,
water purification systems, coatings in catheters and wound dressings. In the Woodrow
Wilson database of nanotechnology-based products, the most common nanomaterial descri-
bed is silver [33], thus suggesting an increased risk of its exposure [34].
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The properties of silver nanoparticles such as size, shape, surface charge and coating, agglom-
eration, and dissolution rate are particularly important for their biological interactions. Smaller
particles have a larger surface area and, therefore, have a greater toxic potential [34]. The rate
of particle dissolution depends on its chemical and surface properties as well as on its size and
is further affected by the surrounding media [35]. This process leads to surface oxidation and
releasing of cytotoxic silver ions.

Experimental data assigned silver nanostructures remarkably antimicrobial [36, 37], antiviral
properties [17] and also antitumor effect [38]. The antimicrobian activity led over the years to
the development of silver nanoparticles-based products, including textiles, food storage
containers, antiseptic sprays, catheters, and bandages. Therefore, it is necessary to evaluate the
adverse reactions associated with multiple ways of exposure to silver nanostructures. Recent
in vivo studies have shown a reproductive toxicity of silver structures on Caenorhabditis
elegans and thus draw attention to the toxicity of these compounds [17, 39]. In mice treated
orally with different sizes of silver nanoparticles 1 mg/kg body weight for 14 days, small
particles in brain, lung, liver, kidneys, and testis were found while large particles were not
identified in these tissues [40]. In parallel, the transforming growth factor beta (TGF-) levels
were significantly increased in serum in the same groups. In serum of mice treated repeatedly
for 28 days, with different doses of silver nanoparticles, increased levels of IL-1, IL-6, IL-4,
IL-10, IL-12, and TGF-f in a dose-dependent manner were found, suggesting that frequent
administration may cause organ toxicity and inflammation in mice [40].

Several studies have revealed that silver nanoparticles might induce cytotoxicity in phagocytic
cells, macrophages, and monocytic cells, a process mediated by the generation of free radicals
and induction of apoptosis. These effects are mediated by the release of silver ions, the liver
being the major target organ, followed by the spleen, lungs, and kidneys [17]. In addition, silver
nanoparticles can alter the mitochondrial membrane and reduce mitochondrial potential,
determine glutathione (GSH) depletion, bind to DNA, and thus cause DNA strand breaks and
consequently affect DNA replication [41].

Also, silver nanoparticles induced cytotoxicity and apoptosis on HeLa cells [42], determined
cytotoxicty on Raw 264.7 cells [43], HepG2 (human hepatoma cells) [44], and human lung cell
line [45]. Cytotoxicity and harmful effects on fish cell lines, embryos, and adult fishes were
also induced [46]. On microorganisms as S. typhimurium and E. coli and cultured mammalian
cells (CHO-k1) silver nanoparticles exerted cytotoxic effect without to induce genotoxicity [47].

The effects of silver materials on inflammation have not been fully understood and are rather
contradictory. Some studies report an anti-inflammatory effect by suppressing cytokine
production while others notice the induction of pro-inflammatory cytokines in different
biological systems [48]. Several studies attested that exposure to silver induced the release of
proinflammatory markers such as TNF-a, macrophage inflammatory proteins (MIPs) and G-
CSF from macrophages [48, 49]. The persistence of cytokine production and signaling as
response to nanoparticles may lead to inflammatory diseases. Park et al. [40] suggested that
silver nanomaterials upon phagocytosis and internalization of silver in lysosomes released
silver cytotoxic ions.
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Figure 1. Mechanism of silver nanoparticles toxicity

The increased generation and utilization of silver nanoparticles in clinical practice facilitates
the human exposure via inhalation and consequently lung toxicity. Takenaka et al. [50] have
studied the biodistribution of different concentrations of inhaled silver particles. The particles
were identified in the alveolar macrophages and alveolar walls, in the nasal cavity and regional
lymph nodes even 7 days after their administration. Low concentrations of silver ions can be
measured in the liver, kidneys, spleen, brain, and heart, suggesting translocation from the lung
to other tissues. The authors concluded that nanoparticles were rapidly cleared from the lungs
as a consequence of their solubilization, especially less agglomerated forms, those with small
size.

Hyun et al. [41] have shown that chronic, repeated exposure to small size silver particles
increased the mucins production in nasal respiratory mucosa suggesting the importance of
mucus in defense against air pollutants. The respiratory exposure for 90 days to silver particles
[52] induced an inflammatory response in alveoli and alteration in lung function, independ-
ently of the dose used. Sung et al. suggested that nanoparticles were transferred into the blood
from the lung and then to the liver, olfactory bulb, brain, and kidneys. However, the data are
contradictory because similar studies have not identified toxicities in tissues after exposure to
silver nanostructures. Moreover, they could not specify if the silver was identified in tissues
as ions or particles. Another study showed that silver nanomaterials had negligible impact on
the nasal cavity and lungs [53]. The different results obtained can be explained by the varia-
bility of the synthesis methods, their various sizes, concentrations, and time exposures, the
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presence or absence of capping agents, and type of experimental design used. Hence, their
risks should be assessed on a case-by-case basis and require more extensive investigations.

Extensive use of silver nanoparticles in textiles and wound dressings allows the particle to
come into direct contact with the skin and can alter the structure and function of the skin. Most
research on dermal exposure to silver were focused on the study of clinical effects and less on
systemic toxicity. Therefore, the real consequences of silver nanostructure penetration in skin
need to be assessed. Tian et al. [54] have demonstrated, within an experimental model in
vivo, a better wound-healing ability of silver nanoparticles compared to silver sulfadiazine,
standard burn treatment, and compared the combination between amoxicillin and metroni-
dazole. The effects were superior, both from the cosmetic and functionality point of view. In
addition, the results suggested that silver nanoparticles exhibited more potent antibacterial
activity than other treatments.

According to some studies, silver nanomaterials can induce apoptosis and reduce the level of
matrix metalloproteinase in wounds [55], inhibit angiogenesis [56] and vascular permeability
through vascular endothelial growth factor (VEGF) and also interleukin (IL)-1f [38].

In patients with burns, treated with Acticoat wound dressings impregnated with silver
nanoparticles, biochemical and hematological changes related to silver absorption were not
found and so the authors considered these dressings safe to use in clinical practice [57].
Probably, the permeability of silver nanoparticles within normal skin may be influenced by
the quality of the skin barrier. Thus, the nanosilver particles get faster deep into the dermis
through hair follicles and sweat ducts if the skin barrier is altered [58].

Rahman et al. [59] studied the effect of nanoparticles on gene expression in mouse brain after
intraperitoneal injection. They noticed that high doses of silver nanoparticles exerted neuro-
toxicity in the caudate nucleus, frontal cortex, and hippocampus by inducing oxidative stress
and apoptosis. The mechanism involved was related to silver ions released into the brain or
indirectly by neural and humoral mediators.

Silver nanomaterials administered orally are converted into their ionic form due to the low pH
of the stomach and induce inflammation evidenced by lymphocyte influx and changes in
expression of proinflammatory genes. It is not known whether toxicity is due to the accumu-
lation of particles or it is mediated by humoral or neural mediators [60]. After oral ingestion
silver was identified in glial cells and neurons, in brain regions such as the hippocampus and
pons. The localization in some regions can be explained by local differences in the permeability
of the blood-brain barrier and special turnover in brain cells [61].

In conclusion, the successful translation of silver nanotechnology to the clinic requires the
development of safe and eco-friendly synthesis of nanomaterials and understanding the
mechanisms of their toxicity and safety control.

5.3. Gold nanoparticles

Gold has long been considered a noble metal, bio-inert, stable with some therapeutic values,
being used as anti-inflammatory and anti-rheumatic agent in rheumatoid arthritis treatment.
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These qualities were observed particularly in the bulk gold. When the size decreases to
nanoscale, the material exhibits different properties due to its surface plasmon resonance
excitation characteristics [15, 62, 63]. Besides, the gold nanomaterials can become toxic due to
the oxidation of elemental gold or solubilization by cyanidation.

There is a great variety of sizes and shapes of synthesized gold nanoparticles: rods, spheres,
tubes, wires, ribbons, plate, cubic, hexagonal, triangular, tetrapods, etc. [64, 65]. Generally,
gold nanoparticles are synthesized by the chemical reduction of chloroauric acid (HAuCl4)
using various reducing agents [66, 67]: citrate ions, hydroquinone, sodium boron tetrahydride
(NaBH4), hydroxyl and sugar pyrolysis radicals, microbial enzymes, plant phytochemicals, or
microorganisms such as bacteria and yeast cells [68, 69]. It seems that, on one hand, the
biological synthesis of gold nanomaterials is more environmentally friendly than chemical
synthesis [70, 71]. On the other hand, the green synthesis of nanomaterials has many disad-
vantages compared to chemical synthesis: poor mono-dispersity, aggregation, and non-
uniform shape. These limits can be overcome through diversification and optimization of the
synthesis methods. Thus, there are a lot of natural reducing agents and organic ligands such
as peptides, proteins, fungus [72] or polymers (PEG) [73], poly-L- lysine (PLL), poly- D- L-
lactic-co- glycolic acid (PLGA), and their co- polymers [74] used to prepare nanomaterials in
order to stabilize them.

PEG has gained popularity due to amphiphilic and solubility properties [75]. Polysaccharides,
such as glycosaminoglycans (GAGs) began to be incorporated onto nanomaterials. Thus, some
researchers synthesized hybrid nanospheres using low molecular weight chitosan as reducing
and stabilizing agents [76], chitosan and heparin [77], or hyaluronan [78].

However, the results from literature about gold toxicity are quite contradictory and insuffi-
ciently documented. Investigation of toxicity mechanisms is important because in the last years
gold nanoparticles were extensively used in various medical applications including drug and
protein delivery, gene therapy, in vivo delivery and targeting, etc.

Generally, the exposure to gold nanomaterials can occur during synthesis and applications by
injection or ingestion [79, 80], inhalation, absorption through skin contact, and release from
implants [81]. Another source of exposure is their accumulation in the soil or in organisms
such as algae and fish consumed by animals and humans [17].

A very much discussed issue is the relationship between the size of nanoparticles and their
toxicity. Small size particles are widely used in medical applications because they have the
ability to penetrate into cells and transport various drugs without cell injury. These findings
were confirmed by Conner et al.’s studies [82] which found that gold nanoparticles of 18 mm
in diameter did not induce damage after penetration into the cell. Moreover, Tsoli et al. [83]
demonstrated that very small particles (1 mm diameter) could penetrate into nucleus the
without inducing DNA injury. Particles with a large ratio between surface area and volume
are not able to be internalized within cells and therefore they cannot be used in biomedical
applications. These statements are consistent with the results obtained in vitro on four cellular
lines (fibroblasts, epithelial cells (HeLa), macrophages (J774A1), and melanoma cells (SK-
Mel-28) [21] treated with triphenylphosphine stabilized gold nanoparticles. The cellular
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response is size-dependent, suggesting that the “larger” particles are non-toxic in vitro.
Goodman et al. demonstrated the ability of gold nanoparticles to inhibit RNA polymerase
activity and block DNA transcription [84].

The influence of gold nanomaterials toxicity is related to their shape. Thus, the rod shape has
been reported to be more toxic than its spherical counterparts, both on human keratinocyte
cells (HaCaT) [11] as well as human breast adenocarcinoma cell line (MCEF- 7). The cells treated
with nanorods lose the mitochondrial integrity [85], generate free radicals, and stimulate up-
regulation of antioxidants, stress response genes, and protein expression [86].

Several reports have noticed that gold nanoparticles caused nephrotoxicity, hemolysis,
cytotoxicity and genotoxicity, and size-dependent effects, the smaller size being less toxic than
the larger size. Moreover, it has been shown that small particles (10 - 50 nm) dispersed in almost
all tissues, mainly in the liver, lungs, spleen, and kidneys, 24 hours post i.v. administration
compared to large particles. It has been shown that smaller gold nanoparticles can selectively
and irreversibly bind to DNA and cause genotoxicity compared to larger particles [15]. This
property can be exploited in cancer therapy because their interaction with DNA tumor cells
may lead to cellular death. Thus, Pan et al. have demonstrated that nanoclusters of 0.8, 1.2,
and 1.8 nm were four-to six-fold less toxic than nanoclusters of 1.4 nm while larger sizes were
not toxic even at high concentrations [21]. Biodistribution of small particles was noticed in
almost all tissues 24 hours post i.v. injection compared to larger nanomaterials.

It is possible that gold nanostructures are genotoxic without being cytotoxic and cause
alteration of transcription without phenotypic changes [86, 87]. Some reports have revealed
that gold nanoparticles with a diameter between 2 and 40 nm are non-toxic on fetal lung
fibroblast-like (MRC)-cells while the particles >10 ppm can induce apoptosis and up-regulate
the expression of proinflammatory cytokines [88]. Another toxicity mechanism involves
oxidative attack on DNA and down-regulation of DNA repair [87]. Inductively coupled
plasma mass spectrometry (ICP-MS) studies have shown that lungs, olfactory bulb, spleen,
esophagus, tongue, kidney, aorta, heart, septum, and blood are the main tissues that accumu-
late the gold materials between 30 and 110 nm [89]. The mechanisms of biodistribution are via
endocytotic-exocytotic activity and paracellular transport [90]. According to some authors a
single nanoparticle has a greater health effect than the agglomerates particles [91]. However
this statement was not confirmed in other experiments. The small size facilitates the crossing
of the blood-brain barrier and accumulation of gold nanostructures in the brain, placenta, and
fetus [92].

Overall, the cellular uptake and toxicity of gold nanoparticles depends not only on the size but
also on the surface, functional attachments, and shape [85]. Cationic gold particles were
moderately toxic and anionic particles were nontoxic, suggesting the electrostatic binding of
the particles to the negatively charged cell membrane and interaction with membrane
components as a probable mechanism of toxicity. Kim et al. examined the toxicity of gold
nanoparticles (1.3 nm) functionalized with a monolayer of the cationic ligand, N,N,N-
trimethylammoniumethanethiol on zebrafish embryos and noticed the occurrence of mor-
phological abnormalities and embryo lethality [93]. The cause of these abnormalities was
apoptosis of eye cells and aberrant expression of transcript factors that regulate eye pigmen-
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tation development. Other studies showed that 1.4 nm gold nanoparticles capped with
triphenylphosphine monosulfonate cause necrosis via the oxidative stress and mitochondrial
damage [21], while PEG used to functionalize the 3.7 nm nanoparticles were non toxic on
human cervical cancer (HeLa) [92]. The chitosan conjugated gold nanoparticles can transverse
the cell membrane of Chinese hamster ovary cells by endocytosis without inducing cell death.
Moreover, the authors revealed that >85% of the cells were viable after a long period of
exposure [93] suggesting that these nanostructures can be used in cellular imaging and
photothermal therapy.

To prevent this problem, researchers have conjugated these nanoparticles with various
biomolecules and ligands. Thus, gold nanorods conjugated with PEG or citric acid ligands
were less toxic than spherical particles. Surface charges measured by zeta potential determine
the properties and functions of nanoparticles. Thus, the gold nanoparticles can promote
protein refolding through electrostatic interactions, a mechanism used to refold proteins in a
chemical denatured state [94]. In contrast to the silver nanoparticles, silver - gold nanoparticles
induced the activation of cells due to the release of ions in the medium [95]. However, more
studies are critically needed to establish exactly the potential toxicity of gold nanoparticles to
fully evaluate gold nanoparticles for in vivo use.

5.4. Carbon nanotubes

5.4.1. The importance of studying carbon nanotube toxicity

An important class of nanomaterials is represented by carbon nanotubes (CNTs). They are
cylindrical structures composed of a variable number of layers, each layer being formed of
carbon atoms. Their diameter and length are variable, but, according to the number of layers,
CNTs can be classified as single-walled (SWCNTSs) and multi-walled (MWCNTs). SWCNTs
have unique properties, including electrical, mechanical, and thermal particularities, which
recommend them for particular applications in the field of electronics, as well as in the
biomedical industries. In the meantime, MWCNTs, with a larger diameter, have a great
potential to be used as targeted carriers for different substances into cells in medical applica-
tions. However, the concern regarding the safety of CNTs for the human body is constantly
rising, because of at least two reasons. First of all, there is an increase in the production of CNTs
for technological applications, which raises the risk of accidental exposure of the workers
during the technological manipulation of the nanomaterial. CNT-based products are already
being used in textiles, sport products, microelectronics, and energy storage [98]. On the other
hand, for the medical applications, the administration of CNTs is required, and their faith in
the human body, along with their interactions with different tissues, become of vital impor-
tance, for example, CNTs conjugated to siRNA for cancer therapy or CNTs for the imaging of
colorectal cancer that may enter clinical trials in the next years [98].

Also, the environmental risk of CNTs, including even their interactions with some classical
contaminants, such as pesticides, must be taken into consideration. There are studies indicating
that CNTs could act as pesticide carriers, enhancing pesticide ecotoxicity, and affecting fish
behavior, metabolism, and survival [99].
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In the meantime, CNTs released into the aquatic medium, in high concentration, exert
developmental toxicity, with increased mortality and malformation. The exposure to func-
tionalized SWCNTs in the early stages of the life of rare minnow (Gobiocypris rarus) altered the
activities of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and
glutathione S-transferase and determined reactive oxygen species (ROS) generation and DNA
damage [100].

5.4.2. Mechanisms of CNTs’ toxicity

Until today, the environmental effects and the toxicity of nanomaterials to organisms are not
entirely understood. In order to evaluate these effects, the methods should be cost-effective,
rapid toxicity assays should be available, and the tests should be performed with minimal
amounts of materials. Drosophila could be such an efficient and cost-effective model organism,
which allows tissue-specific nanomaterial assessment through direct microtransfer into target
tissues. SWCNTs and MWCNTs were evaluated for their toxicity using this new method of
assessment [101].

To date, the studies performed in vitro and in vivo in order to evaluate the toxicological effects
of CNTs have pointed out oxidative stress and inflammation as major mechanisms involved
in their toxicity. These two mechanisms influence each other [102]. ROS generation produces
lipid peroxidation, protein alteration, and intracellular GSH depletion [103]. Oxidized proteins
gain chemically reactive groups and become new agents that can prolong the initial effects of
ROS [104]. The next step is NF-kB activation, which in return, will regulate the expression of
pro-inflammatory cytokines, such as TNF-a and IL-1p [103]. Also, NF-kB up-regulates the
activation of superoxide dismutase [105].

MWCNTs can activate NADPH oxidase, as demonstrated in human macrophages [106] and
in the spleen [107]. In the meantime, it was proven that carboxylated MWCNTs can bind to
Cu/Zn SOD and the microenvironment of the amino acid residues in the enzyme was slightly
changed [108]. MWCNTs inhibit the activity of catalase (CAT). They contribute both to the
conformational changes of CAT and to enzyme dysfunction. Also, both in animals and cell
cultures, a single-dose exposure to CNTs determines elevated levels of DNA damage [109].

In the past years, a few steps were made in order to understand the deep mechanisms involved
in CNT toxicity. For example, for the biological functions, the protein-protein interactions or
the protein-protein recognition are essential. It was proven that a graphene sheet can interrupt
the hydrophobic interaction between two functional proteins and can disrupt the metabolism
of the cell, leading to cell death [110].

For a typical type of CNT, the carbon nanohorns (CNHs), it was proven that they can accu-
mulate in the lysosomes and can induce lysosomal membrane permeabilization. The conse-
quence was the release of lysosomal enzymes, such as cathepsins, with the subsequent
mitochondrial dysfunction and generation of ROS in the mitochondria. In return, ROS
amplified the mitochondrial dysfunction and led to the activation of caspases followed by cell
apoptosis [111].
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Unmodified SWCNT aggregates are capable of suppressing the antigen-induced signaling
pathways and pro-inflammatory degranulation responses in mast cells. The capacity of
SWCNTs to suppress mast cells pro-inflammatory function is explained by remodeling the
plasma membrane, with the disaggregation of the cortical actin cytoskeleton and the relocal-
ization of clathrin [112].

In the meantime, embedded SWCNTSs nanoparticles in plasma membrane induce cellular
calcium outflow alteration [113].

The toxicity of MWCNTs has been evaluated lately at gene level. MWCNTSs have microRNA
(miRNA) targets, as shown in an in vivo Caenorhabditis elegans assay system [114].

CNTs can also determine the perturbation of immune functions in animal models. Different
studies had contradictory results, showing that CNTs have, by themselves, either pro-
inflammatory or immunosuppressive functions, locally and systematically. When exposed to
CNTs, the immortalized airway epithelial cells showed reduced viability, impaired prolifera-
tion, and elevated ROS generation and lack of internalization of targets in macrophage cell
lines [115].

CNTs can produce anomalies in multicellular behavior, due to ROS generation. In fact this
effect is produced by the loss of multicellular chirality, including a decreased migration rate
and loss of directional alignment on micropatterned surfaces. The cell chirality is in fact a
cellular property important for embriogenic morphogenesis [116].

5.4.3. The impact of different parameters upon CNT cytotoxicity

CNT toxicity is influenced by a variety of parameters, depending both on the physicochemical
properties of the material itself and on the environmental variables. The shape, length,
diameter, number of layers, surface coating and functionalization, impurities content, the dose,
route of administration, and type of dispersion media are just a few of these variables.

CNTs diameter and length influence cell aggregation, ROS generation, and injury extent, the
effects depending on the cell type too [117]. For example, long and thick rather than short and
thin MWCNTs can induce inflammatory effects [118] as well as those with a larger diameter
[119]. When comparing the effects of long and rigid versus shorter and agglomerated
MWCNTs at pulmonary level, the long MWCNTs induced a more pronounced pro-fibrotic,
inflammatory, and apoptotic response [120].

When comparing the type of functionalization, MWCNTs functionalized with carboxylation
and raw MWCNTs can induce oxidative stress and inflammation in macrophages, with the
activation of MAPK and NF-kB signaling pathways, up-regulation of IL-1f, IL-6, TNF-a, and
iNOs and subsequent cell death. MWCNTs functionalized with polyethylene glycol did not
exert the same toxic effects [121].

When testing pristine MWCNTs and MWCNTs functionalized by hydroxylation-oxygenation,
amination or carboxylation on human bronchial epithelial cells or on the nematode Caeno-
rhabditis elegans, the results showed that carboxylated MWCNTSs were the most cytotoxic and
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genotoxic, but with no differences in survival following exposure, proving that surface
functionalization can influence the bioactivity of MWCNTs [122].

The exposure of human monocyte-derived macrophages to long rigid MWCNTs elicited a
response similar to the exposure to asbestos, in contrast to long-tangled MWCNTs, which
induced a weaker protein secretion. The exposure determined lysosomal damage, but only
long rigid MWCNTs determined apoptosis [123].

There are results sustaining that the contaminating metals for CNTs are responsible for their
toxicity. However, long needle-like MWCNTs without metal impurities are capable of
inducing the production of major proinflammatory cytokine IL-1{ via the Nod-like receptor
pyrin domain containing 3 (NLRP3) flammasome-mediated mechanisms [124].

Also, the dispersion medium can influence the ability of CNTs to bind to proteins and to exert
specific biologic effects. For example, SWCNTs and double-walled nanotubes were dispersed
in phosphate-buffered saline (PBS) or in bovine serum albumin (BSA). In BSA, CNTs were
more stable, the aggregation was reduced, and the levels of IL-6 were increased, while the
TNF-a production was decreased, as compared to the same samples, but without BSA [125].

In the meantime, the biotransformation of CNTs in organism is important when evaluating
their toxicity. It seems that manganese peroxidase is capable of transforming the SWCNTs, but
not oxidized SWCNTs, making the biodegradation of these compounds difficult [126].

5.4.4. Animal models for toxicity evaluation

CNTs from the environment can be a challenge for the respiratory and gastrointestinal mucosa
as well as for the dermal system. For medical applications, the systemic administration of
CNTs, s.c, i.p., or i.v., is important. Taking these possibilities into consideration, different
models for the assessment of CNT toxicity in vivo were used. In the meantime, a short-term or
a long-term exposure to CNTs can be evaluated.

5.4.4.1. Short-term evaluation

Pharyngeal aspiration of purified SWCNTs in mice determined, in a dose-dependent
manner, inflammation, fibrosis, granulomatous pneumonia, and decrease in pulmonary
function. The inhalation of nonpurified SWCNTs for 4 days also determined inflammato-
ry response, oxidative stress, collagen deposition, and mutations of k-ras gene locus in the
lung of mice [127].

Twenty-four hours after the intratracheal administration of pristine SWCNTs, acute inflam-
mation was present in the lungs of mice, along with apoptosis through mitochondrial dys-
function and ROS generation [128]. When comparing the effects of MWCNTSs on male Sprague-
Dawley rats after intratracheal instillation or inhalation administered in different doses, for
different periods of time and with different physicochemical characteristics, including
functionalization, the results showed that MWCNTSs produce inflammation in the lung, but
transitory, despite the persistence of CNTs in the lung. The functionalization and the suspen-
sion media influenced the pulmonary response after MWCNTs administration [129].
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When female mice were exposed to MWCNTs by pharyngeal aspiration technique 4 weeks
after the previous exposure to cigarette smoke, it was proven that MWCNTs induced pulmo-
nary toxicity, with a minor role in cigarette smoke exposure [130].

For a follow-up of 6 days after a single dose i.p. administration, transient oxidative stress and
inflammation in blood and liver were obtained both for SWCNTs and MWCNTs functional-
ized with single-stranded DNA [102, 131]. Also, after i.p. administration, MWCNTs translocate
in the spleen and determine oxidative stress, inflammation, lymphoid hyperplasia, and
increase in the number of cells that undergo apoptosis [132].

5.4.4.2. Long-term evaluation

MWCNTs with different length and iron content were administered by intratracheal instilla-
tion to spontaneously hypertensive rats. Seven days and 30 days post exposure, lung inflam-
mation was found, along with increased blood pressure, lesions in abdominal arteries,and
accumulation of CNTs in liver, kidneys, and spleen [133].

SWCNTs administered through single intratracheal instillation in rats determined up-
regulation of the genes involved in the inflammatory response, with a pattern that is time-
dependent, until 180 days, 365 days, and 754 days post-exposure [134].

MWCNTs administered through transtracheal intrapulmonary spraying for 24 weeks trans-
located into the pleural cavity and induced inflammatory reactions, fibrosis and parietal
mesothelial proliferation lesions, the effects being more important for the larger-sized
MWCNTs, than for the smaller-sized [135].

Thirteen weeks exposure of rats to MWCNTs by whole-body inhalation, in different doses,
determined increased expression of inflammatory cytokines in splenic macrophages, includ-
ing IL-1p, IL-6, and IL-10. The expression of IL-2 in T lymphocytes was decreased, being a
possible cause of reduction in the rats” anti-tumor responses [136]. In the meantime, in a similar
experimental model, 0.2 mg MWCNTs/m? was established as the lowest dose for the occur-
rence of lung adverse effects, including inflammation and granulomatous changes [137].
Inhalation exposure of rats to MWCNTs for 28 days determined lung deposits even 90 days
post-exposure, especially for short-length MWCNTSs, emphasizing their potential to induce
genotoxicity [138].

Ma Hock et al. (2009) proved that long-term (13 weeks) exposure of rats to SWCNTs or
MWCNTs by inhalation did not produce systemic organ toxicity, for a follow-up period of 90

days post-exposure, even though local pulmonary effects were present. Fibrosis changes were
absent [139].

5.4.5. Means to reduce toxicity

A few ways to reduce CNT toxicity are represented by the functionalization, surface coating,
and stimulation of the autophagic flux. For example, the amino functionalization can reduce
the CNT toxicity to the cells [140], as well as albumin coating for SWCNTs [141]. Also, the
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toxicity of carboxylated MWCNTs can be reduced by the stimulation of the autophagic flux,
with the extracellular release of the nanomaterial in autophagic microvesicles [142].

6. Perspectives

The extent of use of nanomaterials is currently growing and thus efficient screening methods
for toxicity are needed to lower the expenses of testing and to reduce the cost of using.
Nanomaterial size, shape, surface chemistry, and degree of aggregation are key factors that
influence the toxicity. Generally, the in vivo toxicity studies can provide sufficient data in order
to understand the absorption, distribution, metabolism, and excretion of nanomaterials. In
order to fully evaluate their toxicity, acute and long-term toxicity studies are needed along
with the examination of chronic exposure. In vitro studies may contribute in addition to explain
the mechanisms involved in their toxic effects. However, not all the aspects involved in the
use of nanomaterials are fully understood. Therefore, finding the appropriate methods for
analysis and carefully designed experiments will contribute to the better understanding of the
mechanisms of toxicity, so that nanomaterials could be safely used in biology and medicine.
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Abstract

Research focus: SWNHs (single-walled carbon nanohorns) may be utilized to treat
cancer as drug carriers based on their particular structure. But, the effect mechanism
of the material itself on liver cells has not been investigated. Research methods
used: To answer those questions, the roles of rude SWNHSs on the biology functions
of human liver normal and cancer cells were studied. Results/findings of the
research: The results indicated that SWNHSs suppressed growth, proliferation, and
mitotic entry of human liver normal and cancer cells, and also pushed cell apoptosis,
especially in cancer cells. We had found SWNHs in the lysosomes of L02 cells and in
the nuclei of HepG2 cells. It indicated that individual spherical SWNH particles could
enter into liver cells. Main conclusions and recommendations: Our results identified
that it had different mechanisms between SWNHSs and hepatoma cell lines or human
normal cell lines. Advanced research about application and mechanisms in the
treatment of HCC (hepatocellular carcinoma) by SWNHs should be carried out.

Keywords: SWNHs (single-walled carbon nanohorns), hepatocellular carcinoma,
apoptosis, proliferation

1. Introduction

SWNHs (single-walled carbon nanohorns) were first synthesized by lijima et al. [1] in 1999.
On the basis of their special surface structures and large surface areas, SWNHs may be used

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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in pharmacy and biomedicine. [2, 8] Some investigators [4] have applied oxidized SWNHSs
(SWNHox) as drug carriers with cisplatin for treatment of cancer. They found that SWNHSs
could slowly release cisplatin and inhibit effectively the proliferation of human lung cancer
cells NCI-H460.

The results from their research also demonstrated that SWNHox itself could not suppress or
promote the proliferation of human cancer cells as carrier material. In addition, up to now, the
functions of unembellished SWNHs on cells were not very apparent. [9] Many researchers
have studied the biological functions of graphene, fullerene, and carbon nanotubes (CNTs).
[10, 32] They found that nanoparticles of carbon could enter into cells, even subcellular
organelles such as lysosomes or nuclei. [17, 21, 23, 24] Carbon nanoparticles can induce
apoptosis related to oxidative stress. [33, 36]

How SWNHs influence the functions of L02 (human normal liver cell lines) and HepG2
(human hepatoma cell lines) was unknown. Moreover, the differences role mechanisms
between the material and normal liver cells or cancer liver cells had not been studied. To
answer these questions, the direct effects of SWNHs on human hepatoma cell line HepG2 and
human liver normal cell line L02 were investigated. We performed internalization in liver cell
lines with SWNH particles. The extraordinarily different role induced by SWNHs on hepatoma
cell lines and liver normal cell lines, will be useful for the treatment of HCC (hepatocellular
carcinoma). To understand how studies on nanomaterial toxicology might relate to nanome-
dicine safety, it is important to consider the current regulatory framework (legally binding
requirements and guidelines) in place for all medicine evaluations.

2. Characterization of material

By arc-discharge method, SWNHSs was synthesized in air. It's characterized by high-resolution
transmission electron microscopy (HRTEM), Raman spectra, and thermogravimetry, as
previously reported [37]. SWNHs are dahlia-like structures and spherical aggregates; the
diameters of SWNHSs ranged from 60-100 nm. We determined other elemental contents of
SWNHs with 54 Explorer X-ray fluorescence spectrometer. We detected the elemental contents
of SWNHSs with rapid N tube.

2.1. Preparation of dishes coated with SWNHs

SWNHs were suspended in ultrapure dialysis water from Milli-Q Integral Water 5 Purification
System. SWNHs solution (10 pg/mL) were placed on PS (polystyrene) dishes and dried at 80°C
in air for 4 h. Then these dishes were treated with ultraviolet irradiation for 1 h. The abbrevi-
ations SWNHs10, SWNHs20, SWNHs30, and SWNHs40 correspond to 0.21 pg/cm? 0.42 ug/
cm?, 0.64 pg/cm?, and 0.85ug/cm? in each dish (60 mm), respectively. [24] Dataphysics OCA 40
Contact Angle Measuring System was used to determine the contact angles of 2 pl volume
water droplets on the noncoated PS surfaces and the SWNHs40-coated surfaces at 20°C.
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2.2. Cell culture

HepG2 and L02 cells were seeded onto noncoated PS dishes and dishes were coated with
SWNHs10, SWNHs20, SWNHs30, SWNHs40, and then cultured with DMEM (Dulbecco’s
Modified Eagle’s Medium supplemented), 1% penicillin-streptomycin solution, and 10% fetal
bovine serum at 37°C in 5% CO,. [24]

2.3. Growth curve and morphology of liver cells cultured with SWNHs

HepG2 (3x10°) and L02 (3x10%) cells were seeded onto dishes, respectively. After being cultured
for 48 h, these cells were subsequently visualized with optical microscope, based on the general
protocol. These cells were observed and photos were acquired with a camera. At 48 h, cells
were numbered with cell counter plate. The polynomial fitting about relationship between
quantities (ug) of SWNHSs (NH) and number of cells (CN) was carried out with using Origin
8 software.

2.4. Measurement of mitotic entry

These cells were synchronized with thymidine and cultured on dishes coated with SWNHSs
for 16 h. Then the cells were released into cell cycle with fresh medium. In the end, these cells
were gathered or treated at different time points for subsequent specific analyses. DNA
synthesis was measured with bromodeoxyuridine (BrdU) labeling in these cells. The BrdU-
positive and the total number of cells were counted. Mitotic cells were evaluated by time-lapse
videomicroscopy with Openlab software. [38]

2.5. Assessment of SWNHs

Elemental composition of SWNHs included 0.25% total metal content and 95.3% carbon, each
metal less than 0.1%. [39, 41] Our results indicated that the surface area of BET was 631.55m?/
g. [42] The results with regard to adsorptive isotherm plot of SWNHSs showed that the surface
of SWNHs particles was hydrophobic.

At the relative pressure 0.994 (P/P,), the diameter of SWNHSs material was less than 308.7 nm.
Moreover, the pore volume of SWNHSs was 1.57 cm®/g. The average pore diameter of SWNHs
was 9.97 nm. The particle density was 1.0077 g/cm? The pore size distribution by Barrett-
Joyner-Halenda (BJH) indicated that diameters of most mesopores were 2-8 nm in the SWNHSs
material. These results showed that SWNHs had many closed pores. The dimension range of
suspended SWNHs particle was 295-615 nm in aqueous solution.

2.6. Characterization of dishes coated with SWNHSs

Single particles of SWNHs on the surface of dishes were showed in images from scanning
electron microscope (SEM); their diameters were 60-100 nm (Figure 1). The aggregates of
secondary SWNH were dispersed and exhibited on individual particles on the surface of PS
dishes. On surface of PS dishes, the contact angle of water droplet was 44.9°, less than the dried
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SWNHs-coated surface at 74.5°. The hydrophobicity of uncoated PS surface was lower than
that of SWNHs40/PS surface.

Figure 1. The films of SWNHs40/PS observed by SEM. SWNHs40-coated PS (0.85 pg/cm?) dishes with a bottom area
of about 1 cm? were prepared for SEM measurements. After pretreated by spraying gold on films of samples, SEM
measurements were carried out using a SIRION field emission scanning electronic microscope (FEI Corporation Ltd)
with accelerating voltage of 10.0kV. The SEM of films showed that SWNHs40 on PS surface (0.85 pg/cm?) were indi-
vidual spherical particles with diameters of 60-100nm. (A) 50,000%, scale bar represents 1um. (B) 100,000%, scale bar
represents 500 nm. (C) 200,000%, scale bar represents 200nm.

2.7. Morphology of cells

The morphology of cells cultured for 48 h in SWNH-coated and uncoated dishes was observed
by optical microscope. The images showed that the number of L02 (Figure 2 A-C) and HepG2
(Figure 2 D-F) decreased in a concentration-dependent manner. More spherical cells could be
observed, which became smaller in size. That was remarkable in HepG2 cells. SWNHs had a
much larger effect on liver cancer cells than normal as proliferation inhibitor factor.

2.8. SWNHs inhibit mitotic entry, proliferation, and growth of liver cells

With increased quantities of SWNHSs, the growth curves of HepG2 and L02 cells are shown at
48 h; both the amounts of L02 (Figure 2G, lower curve) and HepG2 (Figure 2H, upper curve)
decreased noticeably in a concentration-dependent manner (P<0.01). In addition, polynomial
fitting with regard to relationships between NH and CN was carried out. The proliferate rate
of HepG2 was faster than L02 cells, but follow with the increase of NH, proliferation of HepG2
was remarkably shut down and gradually approached to L02 cells. The polynomial fitting
formula of LO2 (lower dotted curve, Figure 2G) was as follows:

[CN]=-262 [NH] +1.23x10°[NH] -1.29x10* [ NH | -1.20<105[ NH | +1.96x10°, R2=1. 1)
The polynomial fitting formula of HepG2 (upper dotted curve, Figure 2G) was as follows:

[CNT =-1.46x10*[ NH] +7.42x10°[NH | -1.19x10° NH | +4.56x10° [ NH | +4.33x10°, R2-1. )
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Figure 2. Morphology observed by optical microscope and growth curves of L02 and HepG2 cells cultured onto
non- and SWNHs-coated dishes. L02 (3x10°) and HepG2 (3x10°) cells were seeded onto 60-mm non- and SWNHs-coat-
ed dishes and cultured for 48 h, and then images of the cells were observed according to the general protocol by optical
microscope and total numbers of L02 and HepG2 cells [CN] were counted, respectively. The cells were visualized and
digital images were acquired using Nikon camera (Nikon, Japan). Fig. 2G are cell growth curves of L02 (Fig. 2G Lower
curve) and HepG2 (Fig. 2G Upper curve) (P<0.01). All data are represented as mean +SEM. The polynomial fitting for-
mulas for the relationship between cell number [CN] and quantity of SWNHSs (ug) [NH] was performed by Origin 8
(Fig. 2G Dotted curves). Fig. 2H are the first-order derivates d [CN]/d [NH] deduced from the two polynomial fitting
formulas (A) Control, L02 untreated with SWNHs; (B) L02 treated with SWNHs20 (0.42ig/cm?); (C) L02 treated with
SWNHs40 (0.85ig/cm?) (400x); (D) Control, HepG2 untreated with SWNHs; (E) HepG2 treated with SWNHs20
(0.42ig/cm?); (F) HepG2 treated with SWNHSs40 (0.85ig/cm?) (400%); (G) Lower curve: — A —L02 determined, ---A--poly-
nomial fitting L02 Upper curve: —B—HepG2 determined, ---0O-- polynomial fitting HepG2 (H) Lower curve: —O—
The first-order derivate d [CN]/d [NH] of HepG2 Upper curve: ---W--The first-order derivate d [CN]/d [NH] of L02

Both the relationships between the number of L02 or HepG2 cells and the quantities of SWNHSs

are quartic polynomial.

The first-order derivates of the above two formulas (d [CN]/d [NH]) were also deduced. The

first-order derivate of L02 (upper curve, Figure 2H) was as follows:

d [CN]/d [NH] =-1.048x10* NH | +3.69x10°[ NH ' -2.58x10* [ NH ] -1.20x10°

—_
(€]
~

The first-order derivate of HepG2 (lower curve, Figure 2H) was as follows:
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d [CN]/d [NH] =-5.84x10°[ NH | +2.23x10° [ NH ] -2.38x10° [ NH ] +4.56x10° (4)

First-order derivative denoted that the changed rate of cell numbers followed with the
increasing concentration of SWNHSs. The formula of the changed rate was negative value,
which suggested that SWNHs suppressed proliferation of liver cells. Moreover, the low
changed rate of HepG2 cells compared to L02 cells revealed the more obvious inhibitory effect
of SWNHs on cancer cells than normal (Figure 2H).

Cells were mixed with BrdU to investigate the effect of SWNHSs on mitosis entry. Our results
indicated that mitotic entry of both cells was delayed noticeably by SWNHSs (Figure 3A and
B) and that proliferation of cells was suppressed (Figure 3C,D) in a concentration- and time-
dependent manner (P<0.01). The role was more significant in HepG2 than in L02.
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Figure 3. SWNHs inhibited mitotic entry of liver cells. L02 (3x10°) and HepG2 (3x10°) cells were seeded onto 60-mm
Non- and SWNHs-coated dishes, and cultured for 48 h. To assure how the SWNHs affect cellular mitosis, we incorpo-
rated BrdU into the control, and found that accumulations of both mitotic L02 (A) and HepG2 (B) cells were signifi-
cantly delayed and their mitotic entry (C,D) was inhibited by SWNHs at every time point followed with the increasing
quantities of SWNHs (P<0.01). All data are represented as mean +SEM.
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The results of XTT assay suggested that HepG2 and L02 cells (Figure 4) all were noticeably
inhibited in a concentration- and time-dependent manner (P<0.001). The cell viability was
valued by the CCK-8 assay, and these results demonstrated that cell proliferation of HepG2
and L02 cells (Figure 4) was inhibited by SWNHSs in a concentration- and time-dependent
manner (P<0.001).
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Figure 4. SWNHs inhibited growth and proliferation of liver cells. L02 (3x10°) and HepG2 (3x10°) cells were seeded
onto 60-mm non- and SWNHs-coated dishes, and cultured for 48 h. Then the effects of SWNHSs on L02 (Fig. 4A) and
HepG2 (Fig. 4B) cells growth were investigated by XTT assays (P<0.001). L02 (Fig. 4C, 3x10°) and HepG2 (Fig. 4D,
3x10°) cells were cultured in 96- plate (6-mm) treated with or without SWNHs, then the cell viabilities were evaluated
by CCK-8 assay. All data are represented as mean +SEM.

2.9. Cell cycle affected by SWNHSs

Cell cycle affected by SWNHS was detected with flow cytometry. Our results identified that
cell cycles of L02 and HepG2 were affected by SWNHs (Figure 5), and in a concentration-
dependent manner. The S phase of liver cells noticeably decreased, and the G1 phase increased
obviously in a concentration-dependent manner (L02, P<0.05 and HepG2 P<0.01). Further-
more, G2 phase decreased in both cells, but only increased noticeably in HepG2 treated with
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SWNHSs40 (P<0.05). SWNHSs induced different grades of G1 phase delay in HepG2 and L02
cells, which identified different cytotoxic effects on the two cell lines. It led to much stronger
suppression of DNA replication in HepG2. The cell cycle was blocked in G2 phase, the gap
from DNA synthesis to mitosis was delayed by SWNHs40 in HepG2, which induced apoptosis
of HepG2 cells. [27]
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Figure 5. SWNHs affected cell cycle of liver cells. L02 (3x10°) and HepG2 (3x10°) cells were seeded onto non- and
SWNHs-coated 60mm-dishes, and cultured for 48 h, respectively. Then the roles of SWNHs on L02 (A) and HepG2 (B)
cell cycles were measured by cytometry. All data are represented as mean +S.E.M.

2.10. SWNHs induced apoptosis

The apoptotic cells were determined by 7-AAD and Annexin-V. Our results indicated that
apoptosis of HepG2 and L02 (Figure 6) were caused by SWNHs in a concentration-dependent
manner, especially in HepG2 (P<0.001).

Biochemical events of apoptosis induce characteristic changes and death of cells. These
changes include chromosomal DNA fragmentation, chromatin condensation, nuclear frag-
mentation, cell shrinkage and blebbing. Apoptosis in mammalian animal cells is regulated by
SIRT1 and p53. Caspases are a group of cysteine proteases, and the key factors in cell apoptosis,
such as caspase-3 and caspase-7. Our results identified that the expression of p53, caspase-7,
and caspase-3 increased in L02 and HepG2 (Figure 6) in a concentration-dependent manner.
Moreover, activation cleavage SIRT1 expression decreased in a dose-dependent manner. It
confirmed that apoptosis of liver cells was promoted by SWNHs.

2.11. Cellular morphology observed by confocal microscope

The confocal images showed the morphology of L02; cell shapes of their nuclei were similar
to control (Figure 7A), and number of cells decreased in a concentration-dependent manner.
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Figure 6. SWNHSs promoted cell apoptosis of liver cells and apoptosis involves key factors in vivo. L02 (3x10°) and
HepG2 (3x10°) Cells were seeded onto 60-mm non- and SWNHs-coated PS dishes, and cultured for 48 h, respectively.
Then the effect of SWNHSs on L02 (A) and HepG2 (B) cell apoptosis distribution was determined by flow cytometry
(P=0.001). The expression levels of SIRT1 and those of activation cleavage of P53, caspase-3 and caspase-7 L02 (C) and
HepG2 (D) were determined by western blotting. All data are represented as mean +S.E.M.

In LO2 treated with SWNHs, the size of nuclei was slightly larger than control (Figure 7B,C);
the nuclei swelled following the increasing of SWNHSs concentration.

The number of viable HepG2 decreased remarkably and apoptotic HepG2 increased in a
concentration-dependent manner. Apoptotic HepG2 cells could be found in Figure 7F (showed
as arrow), but could not be observed in controls (Figure 7D).

The images of HepG2 treated with SWNHSs40 indicated that the size of nuclei was much smaller
than control. As reported by Romero et al., [23] karyopyknosis was induced by SWNHs (Figure
7 F, showed as arrows). The karyopyknosis and larger nuclei caused by SWNHSs were benefit
of increased protein content of earlier apoptosis and decreased content of late apoptosis in
nuclei. It may elucidate the suddenly increased G2 phase in HepG2 cells deal with SWNHSs 40
(Figure5B). HepG2 cells deal with SWNHs 40 was nearly all apoptotic, meanwhile the ratio of
S phase decreased remarkably and cells were obstructed at the G2/M phase. But, few L02 cells
were apoptosis effects induced by SWNHs. HepG2 deal with SWNHs40 illustrated classic
apoptotic morphology, but there were not so obvious apoptotic L02 cells. The apoptotic cells
showed typical features, such as cell shrinkage, chromatin condensation, membrane blebbing,
scant cytoplasm, and apoptotic body, [43, 45] especially in HepG2 cells.
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Figure 7. Morphology of L02 and HepG2 cells cultured onto SWNHSs-coated dishes observed by confocalmicro-
scope. L02 (1x10*) and HepG2 (1x10%) cells were seeded onto 10-mm non- and SWNHSs-coated dishes, and cultured in
DMEM with FBS and PSN at 37 °C in humidified 5% CO,/95% air for 48 h, respectively. Then L02 and HepG2 cells
were treated with PFA and DAPI, and confocal images were acquired by Zeiss 510 META confocal microscope. (A)
Control, L02 untreated with SWNHs; (B) L02 treated with SWNHs20 (0.42ig/cm?); (C) L02 treated with SWNHs40
(0.85ig/cm?) (D) Control, HepG2 untreated with SWNHs; (E) HepG2 treated with SWNHSs20 (0.42ig/cm?). (F) HepG2
treated with SWNHs40 (0.85ig/cm?). Scale bars represent 10 im.

2.12. TEM

Cells deal with SWNHs40 (0.85 pg/cm?) were collected for Transmission Electron Microscopy
(TEM) measurement. By TEM, SWNHSs can be found in cells. In L02, SWNHs aggregate
localized at lysosomes and was smaller than 100 nm (Figure 8B and C). Moreover, it localized
at nuclei in HepG2 cells (Figure 8E and F). The individual particles of SWNHSs were easily
dispersed from their neighbor molecules based on SWNHSs possess high electronic densities
on the surface than other molecules in organelles. The TEM images of organelles showed that
both lysosomes and mitochondria in L02 (Figure8G) and HepG2 (Figure8H) deal with SWNHs
were larger than control, respectively. And it was more remarkable in HepG2. Outside L02
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(Figure8G) and HepG2 cells (Figure8H) deal with SWNHs, there were a lot of secretory
vesicles, but not seen outside control cells. The secretory vesicles outside HepG2 (FigureS8H)
deal with SWNHSs were larger than those outside L02 (Figure8G). SWNHs were heterogeneous
materials, so cells secreted ingested SWNHSs as normal response. HepG2 may have ingested
much more SWNHSs than L02. And the more cells ingested SWNHs, the more there were
secretory vesicles.

Figure 8. TEM images of liver cells. L02 (3x10°) and HepG2 (3x10°) Cells were seeded onto 60-mm non- and
SWNHSs40-coated (0.85 ig/cm?) dishes, and cultured for 48 h, respectively. The cells were collected and fixed with 3%
glutaraldehyde. For TEM, ultrathin cells slices of 100 nm thickness were cut using an ultramicrotome and mounted on
grids. The slices were contrasted with aqueous solution of uranyl acetate and lead citrate, and examined on JEM-1400
Transmission Electron Microscope (JEOL Ltd, Japan) with accelerating voltage of 80 kV. (A) L02 untreated with
SWNHs as control (15,000%). Scale bar represents 1 im. (B) L02 cultured onto SWNHs40-coated dishes (0.85 ig/cm?) for
48 h (15,000x). Scale bar represents 1 im. (C) L02 cultured onto SWNHs40-coated dishes (0.85 ig/cm?) for 48 h (80,000x).
Scale bar represents 100 nm. The arrow in Fig. 8B and Fig. 8C showed that there were individual spherical SWNHs
particles with diameter less than 100 nm inside lysosomes of L02 cells. (D) HepG2 untreated with SWNHs as control
(15,000x). Scale bar represents 1 im. (E) HepG2 cultured onto SWNHs40-coated dishes (0.85 ig/cm?) for 48 h (15,000x).
Scale bar represents 1 im. (F) HepG2 cultured onto SWNHs40-coated dishes (0.85 ig/cm?) for 48 h (80,000x). Scale bar
represents 100 nm. The arrow in Fig. 8E and Fig. 8F showed that there were individual spherical SWNHs particles with
diameters less than 100 nm inside nuclei of HepG2 cells. (G) L02 cultured onto SWNHs40-coated dishes (0.85 ig/cm?)
for 48 h (15,000%). Scale bar represents 1 im. (H) HepG2 cells cultured onto SWNHs40-coated dishes (0.85 ig/cm?) for 48
h (15,000%). Scale bar represents 1 im.

3. Discussion

The aforementioned studies have illustrated that some carbon nanomaterials suppressed
growth and proliferation of L02 or HepG2. Fullerene C60 inhibited proliferation of HepG2 at
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alow dosage of 0.46 ug/mL. [30]Liu et al. [29]suggested that unmodified MWNTSs (multiwalled
nanotubes), MWNTs modified with carboxyl, and MWNTs modified with hydroxyl at dosages
of 12.5-200.0 pg/mL inhibited viability of L02 cells in a dose-dependent manner. Romero et al.
[23] illustrated that poly [sulfopropyl methacrylate] (PSPM), or oxidized, lipid, poly [allyla-
mine hydrochloride] (PAH)-modified MWNTs at higher dosage (100 pg/mL) suppressed
growth and proliferation of HepG2. It was well known that SWCNTs (single-walled carbon
nanotubes) had great potential to benefit biomedicine, for example, photothermal ablation
therapy for tumor bond with near-infrared irradiation. Hashida et al. [46] reported the
photothermal activity of a novel SWCNT bond with (KFKA) 7 peptide [H-(-Lys-Phe-Lys-
Ala-)7-OH] with repeated structure, which could be used to treat tumor. The SWCNTs-
(KFKA) 7 compounds could be used to ablate tumor in photothermal cancer therapy with its
high aqueous dispersibility. [46] Our results were similar in HepG2 and L02 cells deal with
SWNHs at low dose (1.5-6.0 ug/mL). Ajima et al. [4] reported that SWNHox (oxidized SWNHs)
did not suppress or promote proliferation of lung cancer cells at dose of 0-20 ug/mL. But in
vivo, their results indicated that SWNHox itself could be used to treat cancer, contrary to results
from in vitro experiments. [7] Fan et al. [8] identified that there was no significant decrease in
cell viability in Hela cells treated with SWNHs modified with gum Arabic (10-1000 pg/mL).
These results illustrated that these nanoparticles were nontoxic to the cells. Tahara et al. [9]
found recently that oxidized SWNHs coated with 1, 2-distearoyl-Sn-glycero-3-phosphoetha-
nolamine-N- [amino (polyethylene, glycol) 2000] could suppress the growth and proliferation
of murine macrophage RAW 264.7 cells in a concentration-dependent manner. The different
modification styles for carbon nonmaterial based on different chemical compounds may
induce change of various biological functions in different cells. [43]

After exposure to a chemical toxicant, the most easily and first visualized change and effect in
cells could be observed come from cell morphology. So, morphological changes were benefit
for toxicity biomarker. TEM could be used to identify the location of nanoparticles in organelles
of cells based on its powerful denote to observing micron and nanometer structures. Oxidized
SWNTs or modified and unmodified MWNTs could be found in endosomes, cytoplasm, or
lysosomes of human macrophage cells by TEM. [19, 20] Porter et al. [18] found that dispersed
SWNTs in tetrahydrofuran localized in nuclei and lysosomes of human macrophages. And
fullerene Cy, could be found in nuclei and cytoplasm of human macrophages. [47] Besides in
endosomes, cytoplasm, or lysosomes, in human embryonic kidney 293 cells, MWNT-NH2 was
first found in nuclei. [21] In HepG2 cells, the PSPM, lipid, or oxidized-modified MWNTs could
be discovered in cytoplasm. However, there were no references involved in carbon nanopar-
ticles locating in the nuclei of cells. Although, in nuclei of HepG2 cells, changes of protein and
DNA had been obtained based on confocal Raman microscope induced by modified MWNTs.
[23] Combining the results from TEM and confocal microscope, we identified the different
interactive mechanisms between SWNHSs and L02 or HepG2 cells, respectively. SWNHSs could
directly enter into nuclei of HepG2 and could induce cell apoptosis, while SWNHSs could
induce apoptosis of L02 cells associated with activation of lysosomal function.

Changes in growth of cells also could be determined as a toxic effect. The chemical toxicities
could be assessed by an assay called plating efficiency. This evaluated the ability of cells to
form colonies after 15 days of culture in the presence of a substance, signaling cell survival and
ability to reproduce. Another assay that evaluated the capability of cells to replicate and
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determined the concentration of the substance at which 50% of the cells do not multiply is
named the median inhibitory dose (ID50). Romero et al. [23] illustrated the effects of inhibiting
role on cell proliferation caused by apoptosis, which as toxicity of carbon nanotubes (CNTs)
for HepG2 in vitro. Moreover, cytotoxicity for cancer cells may have potential therapeutic
value. Our results indicated that SWNHs had larger toxicity in HepG2 cells than in L02. In
different cells, this major difference may be based on SWNHs surface structure selective
affinity to subcellular structures. Based on these differences, new drug carriers or drugs with
special structures of SWNHs may be planned for clinical pharmaceutical therapy, especially
cancer photothermal therapy. [48 50] According to the affinity to nuclei in HepG2, the scene
of designing cell-targeted drugs might be considered to SWNHs.

In fact, SWNHs themselves suppressed growth and proliferation of HepG2 cells; meanwhile
induced their apoptosis. It revealed that SWNHSs material could be used as a drug carrier for
anti-HCC, and carried anticancer drugs such as cisplatin based on its cooperative therapeutic
role.

Nanoparticle almost all located in lysosome and was degradated and sequestrated. The
mitochondrial apoptosis and lysosomal dysfunctions could induce toxicological consequen-
ces. [51, 52] Based on oxidative stress pathway related to apoptosis caused by nanoparticle,
[33] localization of nanoparticles may induce activation of lysosome, which with high content
of digestive enzyme, triggering mitochondrial apoptosis. [34] Mitochondria was the main basis
of redox and ROS (reactive oxygen species) machinery in cells, and could activate inflamma-
tory cytokines. [32] Oxidative stress toke place in HepG2 cells deal with oxidized or unmodi-
fied MWNTs and SWNTs, [25, 28] and in LO2 cells deal with hydroxyl-modified, carboxyl-
modified or unmodified MWNTs, [29] and in rat hepatocytes deal with fullerenes Cy(OH),,,
Cg(OH),,, and Cg,. [31] Gao et al. [19] found that modified MWNTs internalized into human
macrophages cells THP-1 and located in lysosomes, induced ROG generation and low
mitochondrial membrane potential. Tahara et al. [9] identified that high concentration of
SWNHs caused destabilization of lysosomal membrane and ROS generation in murine
macrophage RAW 264.7. The results of us demonstrated individual SWNH particles located
at mitochondria of L02 and HepG2, or lysosomes of L02 cells. It suggested that mitochondrial
apoptosis and lysosomal dysfunctions in liver cells play key role on physiological process
related to SWNHSs exposure.

The model of transmembrane pathways divided MWNTs into two classes types, singles and
clusters. The clusters of CNT were collected in cells associated with energy-dependent
endocytosis process; meanwhile extremely dispersed single CNTs directly penetrated cellular
membranes entried into cells. [2, 1] We will assure the transmembrane pathway of SWNHs.
Because one spherical SWNH aggregate were assembled by about 2000 nanohorns, the
aggregates showed clusters of SWNHs. [9] Nevertheless, the aggregate more like one single
nanoparticle, and not easy to separate into individual nanohorns. Porter et al. [1, 8] identified
the internalization of SWNTs with smaller diameters of SWNTs (0.6-3.5 nm) in cells through
nuclear pore complex and other pores. [18] A single SWNHs aggregate has larger diameter
(60-100 nm) than fullerene Cg, (0.7 nm) and single SWNTs (0.6-3.5 nm). It is very interesting
how aggregates of individual spherical SWNH composed with 2000 nanohorns internalize in
cells and localize at lysosomes in L02 cells, and even entry into the nuclei of HepG2 cells.
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Because it was suggested that only nanoparticles less than 40 nm in diameter could enter into
nuclei of cells. [53] The low negative charge density on surfaces of SWNHs and the bovine
serum proteins used in cell culture may be benefit for SWNH dispersion in culture media, or
induce SWNHs recognized with cellular membranes by receptors on the surface of cells. [54]

Researches in this area remain many questions. How SWNHs enter into different cells and
locate at different destinations (such as nuclei, liposome, or mitochondria) in different cells?
How SWNHs induce the apoptosis in different cells? However, toxicity is a complex event
showing several effects, even cell death until metabolic aberrations. Neuro-, liver, and/or
kidney toxicity are examples of functional changes not necessarily events linked to cell death.
Due to these evidences, the in vitro cytotoxicity assays need to exploit different parameters in
the cell biochemistry. The assays are important tools to amplify the knowledge about the
cytotoxic effects triggered by chemical substances and to predict the toxicity in humans.

Nanotoxicology examines the bioeffects of nanomaterials concerning the toxic activities and
depends on the in vitro system investigated. Then, validation of in vitro assays will be valuable
for safety or hazard investigation in an analysis against standard nanostructures. The cell-
based toxicity assays can be used to assess potential safety use in the investigation of new
potential drugs and to study the correlation between structure, toxicity, and biological activity,
permitting changes in the structure chemical or in the formulation with the aim to improve
drug-like properties.

The cell culture assays have as advantages the fast results in the research, reduced cost, and a
few quantities of substance to be used. Besides that, those models can predict toxicity in
animals including humans to get more precise results to establish multitiered in vitro screening
models.

In this way, the primary goal of in vitro models in the toxicity evaluation could be to predict
the toxicity in vivo, especially human toxicity. The screening permits investigation of the
metabolism and biochemical reactions of different substances in order to obtain knowledge
about the pharmacokinetics and bioavailability of the drugs. Studies about bioavailability,
chemical and metabolic stability, and permeability are necessary in vitro screening models that
help predicting the human toxicity.
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Abstract

Engineered nanomaterials (ENMs) are being produced at an increasing rate. Because
of their unique physicochemical properties, ENMs have been used in a wide variety
of commercial products. The specific properties of ENMs, such as their relatively
larger surface area, however, could also cause adverse biological effects different from
their bulk counterparts. Nanomaterials can be genotoxic while their bulk counterparts
are not, or vice versa, due to these specific characteristics. Also, the differences
between nanomaterials and bulk materials can generate uncertainty when measuring
the genotoxic potential of ENMs using current genotoxicity assays that were
developed for conventional chemicals or bulk materials. In this chapter, we summa-
rize current progress in evaluating the genotoxicity of ENMs with a focus on results
from the standard genotoxicity assays, possible mechanisms underlying the genotox-
icity of ENMs, the suitability of current genotoxicity assays for evaluation of ENMs,
and application of ENM genotoxicity data for risk assessment. Future perspectives for
the evaluation of ENM genotoxicity are also addressed.

Keywords: Engineered nanomaterial, genotoxicity, Ames test, Comet assay, Micro-

nucleus assay, reactive oxygen species, risk assessment

1. Introduction

Nanomaterials (NMs) are generally defined as materials having at least one dimension ranging
from 1 to 100 nm in size. They may exist in nature, or be purposely engineered from various
materials, such as carbon or minerals. Materials engineered to nanoscale size are referred to
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as engineered nanomaterials (ENMs). Recently, the European Commission Delegated Regu-
lation redefined ENMs as “any intentionally 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 nm to 100 nm” [1]. ENMs can be categorized into four classes: carbon-based NMs such as
carbon nanotubes and graphene, metal-based NMs such as quantum dots and metal or metal-
oxide NMs, dendrimers such as nanosized polymers, and composite NMs [2].

Novel ENMs are now designed and produced at an increasing rate, and having unique
physicochemical features such as small size, particular shapes, large surface areas, and surface
activity. These features provide ENMs specific characteristics of high thermal and energy
conductivity, durability, strength, and/or reactivity [3], which facilitate their applications in a
whole host of areas ranging from aerospace, engineering, and nanoelectronics to medical
healthcare. According to a Wilson Center study, more than 1,600 manufacturer-identified
nanotechnology-based consumer products have been introduced to the market, and more than
half were in the Health and Fitness subcategory [4]. A wide range of human-application-related
ENM products have emerged in textiles, the food industry, cosmetics, sunscreens, and the
biomedical field including gene/drug delivery platforms, biosensors, cell and tumor imaging,
and cancer photothermal therapy [5, 6]. With their widespread human exposure, the potential
health risks stemming from ENMs have drawn increasing attention since the first report
highlighting the immediate need for evaluating possible adverse health, safety, and environ-
mental impacts of ENMs published by the Royal Society and Royal Academy of Engineering
in 2004 [7]. In the same year, a new scientific field named “Nanotoxicology” emerged to
investigate the toxic effects of ENMs. The genotoxicity evaluation of ENMs has attracted much
attention due to its importance for nanotechnology regulation and risk assessment [8].

Genotoxicity is the ability of substances to damage DNA, the genetic information, within
organisms. Thus, genotoxic agents can give rise to mutations. Because mutations can lead to
cancer, genotoxicity evaluation has been utilized widely to evaluate the carcinogenic potential
of chemical and physical exposures. International organizations and regulatory agencies, such
as the Organization for Economic Co-operation and Development (OECD) and the Interna-
tional Conference on Harmonization (ICH), have published consensus guidance documents
that describe a battery of test assays for genotoxicity assessment to support regulatory
decision-making. These in vitro and in vivo assays measure different genotoxicity endpoints
such as DNA breaks, gene mutations, and chromosomal alterations [9, 10]. The most widely
used genotoxicity battery includes the bacterial Salmonella mutagenicity test (the Ames test);
in vitro mammalian cell assays, such as the Comet assay, the mouse lymphoma gene mutation
assay (MLA), and the micronucleus (MN) assay; and in vivo assays, including the in vivo MN
and Comet assays. Although designed for conventional chemicals and bulk materials, these
assays have commonly been adopted for measuring the genotoxicity of ENMs. In this chapter,
we summarize test results from the genotoxicity evaluation of ENMs, focusing on those using
standard genotoxicity assays, possible mechanisms underlying the genotoxicity of ENMs, the
suitability of current genotoxicity assays for the genotoxicity evaluation of ENMs, and the use
of genotoxicity data for the risk assessment of ENMs.
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2. Genotoxicity of ENMs

In comparison to the fast-growing ENM market, studies evaluating ENM genotoxicity are still
limited [11]. A literature search performed by Magdolenova et al. [12] found that from 2000 to
2012 only 2.6% of articles on ENM toxicity describe genotoxicity studies. Although both
positive and negative results have been reported on the genotoxicity of ENMs in various cell
and animal test models, the existing data indicate that many ENMs are genotoxic [2, 11, 13,
14]. In order to provide a holistic picture of the current situation on genotoxicity testing of
ENMs, we performed a literature search in PubMed using “nanoparticles” or “nanomaterial”
and “Comet,” “micronuclei,” “Ames,” “Hprt,” or “mouse lymphoma assay” as key words. A
total of 274 publications were identified; the distribution of year of publication is shown in
Figure 1. There was a clear increase in the number of publications/year for both the in vitro and
in vivo ENM genotoxicity studies, up to 2012, where a plateau may have been reached. Among
the different assays used for evaluation of ENM genotoxicity in the publications, the Comet
assay was the most frequently employed assay, followed by the MN assay, both in vitro (Figure
2A) and in vivo (Figure 2B). This observation is consistent with a previous report that sum-
marized 112 ENM genotoxicity studies (94 in vitro, 22 in vivo) from years 2000 to 2012 [12].
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Figure 1. Literature review results of the publications per year on genotoxicity of engineered nanomaterials. Red bars
indicate in vitro studies and blue bars indicate in vivo studies.

2.1. In vitro studies

A total of 215 publications were found that investigated the in vitro genotoxicity of ENMs. The
Ames test is usually the initial step used for quickly screening potential mutagens and for
identifying potential human carcinogens. This assay detects base substitution and frameshift
mutations depending on the strain of the bacteria Salmonella typhimurium used [15]. Although
this assay has been widely used for testing bulk materials, the Ames test was used less
frequently for ENMs as compared to other genotoxicity assays [16]. Based on our literature
search, among the most tested ENMs are nanoparticles (NPs) of silver (Ag), titanium dioxide
(TiO,), aluminium oxide (AL O;), Zinc oxide, iron oxide, iron-platinum (FePt), single-wall

143



144 Nanomaterials - Toxicity and Risk Assessment

A B
20+
- CA
-+ Comet
151 B MmN

Number of publications
Number of publications
=)

1 T U

o R
\) N N N

R S R S,

Year of publications Year of publications

Figure 2. The trend in genotoxicity endpoint studies on engineered nanomaterials. (A) in vitro genotoxicity assays; (B)
in vivo genotoxicity assays.

carbon nanotubes (SWCNTs), multiwalled carbon nanotubes (MWCNTs), and fullerenes
[17-32]. Most of the Ames tests were negative both in the presence and the absence of metabolic
activation. As shown in Table 1, only 27% of ENMs were positive in one or more tester strains
in the Ames test. Most of the positive responses were weak or resulted from water-soluble NPs
[16, 20, 24, 28, 30, 31]. Among possible explanations for the negative responses are the inability
of the ENMs to penetrate the bacterial cell wall and the insensitivity of most of the tester strains
to oxidative DNA damage, the primary mechanism for ENM genotoxicity [17]. In addition,
the antimicrobial properties of some ENMs, such as Ag NPs, may limit the test concentrations
due to cytotoxicity, thus reducing the sensitivity of the test [17]. In a study using 5 tester strains
(TA98, TA100, TA1535, TA1537, and TA102) of Salmonella typhimurium, due to antimicrobial
properties, the highest testable concentrations of 5 nm Ag NPs were 2-40 pg/plate, which is
much lower than the limit of 5,000 ug/plate that is recommended for nontoxic test articles [17].

The Comet assay, also known as the single-cell gel electrophoresis assay, is a relatively simple
and sensitive method for measuring DNA damage in individual eukaryotic cells [33]. Our
literature review shows that 276 ENMs have been evaluated in 168 reports using the in vitro
Comet assay. Thus, it is the most frequently used assay for ENM genotoxicity assessment
(Table 1). The materials most tested with the Comet assay were TiO,-, iron-, Ag-, and carbon-
based ENMs. The majority of these tested ENMs (214 out of 276, 78%) induced DNA damage
in various cell types in the standard or modified Comet assays. The high sensitivity of the assay
may be ascribed to its ability to detect single- and double-strand breaks, cross-links, base
damage, oxidative stress, DNA methylation, and apoptotic nuclei [33-35]. Some ENMs
producing oxidative DNA damage were negative in the standard alkaline Comet assay, but
were positive in the enzyme-modified Comet assay in which lesion-specific endonucleases
were added to recognize particular oxidized nucleotides and create oxidized DNA-damage-
specific breaks. The most commonly used modifying enzymes in these assays were formami-
dopyrimidine DNA glycosylase (FPG), followed by endonuclease I1I (Endolll) from Escherichia



Progress in Genotoxicity Evaluation of Engineered Nanomaterials
http://dx.doi.org/10.5772/61013

coli and human-derived oxoguanine DNA glycosylase (hOGG1) [36]. Oxidative DNA lesions
in FPG-sensitive sites were found in Fe;O, NP-treated A549 type II lung epithelial cells [37],
and in SWCNT- and C60-treated FE1-Muta™ Mouse lung epithelial cells [38].

Assays Publications® ENMs* Positive outcomes* Negative outcomes®
Comet 168 276 214 (78%) 62 (22%)
MN 83 126 75 (60%) 51 (40%)
Ames 30 55 15 (27%) 40 (73%)
CA 25 36 16 (44%) 20 (56%)
Hprt 6 8 5 (63%) 3 (37%)
SCE 6 9 6 (67%) 3 (33%)
MLA 2 2 2 (100%) 0 (0%)

"Data represent a literature review on the in vitro genotoxicity of engineered nanomaterials. Literature was obtained from
the PubMed online database using “nanomaterial”, “comet”, “micronuclei”, “ames”, “hprt”, or “mouse lymphoma assay”
as key words. *The number of papers published using each assay. “The number of various ENMs tested in current literature
citations. “The number of positive or negative outcomes for genotoxicity testing on ENMs. The number in parentheses
indicates the percentage of positive or negative outcomes for each assay. CA, chromosome aberration; Hprt, hypoxanthine
phosphorybosyl transferase assay; MLA, the mouse lymphoma assay; MN, the micronucleus assay; SCE, sister chromatid

exchange.

Table 1. Summary of in vitro genotoxicity outcomes of engineered nanomaterials (ENMs)®

The MN assay detects chromosome fragments and whole chromosomes in the cytoplasm
of interphase cells resulting from the clastogenic and aneugenic activities of mutagens,
indicating chemical-induced chromosome damage (OECD TG487) [39]. The MN assay was
the second most used assay for the evaluation of ENM genotoxicity (Table 1) [12, 16, 40].
Two versions of the MN assay, with or without pretreatment with cytochalasin B (cytoB)
which blocks cytokinesis and results in binucleated cells, were used for NM studies [2, 39].
Approximately 60% of the tested ENMs produced concentration-dependent micronucleus
formation or a positive response at high concentrations, including TiO, [8, 41], silicon
dioxide (Si0,) [42], cerium oxide (CeO,) [43], cobalt-chromium (Co-Cr) [44, 45], MWCNTs
[46, 47], and Ag NPs [17]. Kim et al. [29] demonstrated that in the absence of 59 metabol-
ic activation, 10 pg/ml Ag NPs with an average size of 59 nm induced significantly greater
MN formation using the protocol without cytoB than that with cytoB. It was demonstrat-
ed that cytoB could inhibit the cellular uptake of particulate materials and may contrib-
ute to negative results in MN assays [40].

The chromosome aberration (CA) test identifies agents that cause structural chromosome
alterations in cultured mammalian cells (OECD TG473) [48]. This labor-intensive assay is
routinely used for screening possible mammalian mutagens and carcinogens [14]. The CA
assay was the third most commonly used mammalian cell assay for ENM genotoxicity
investigation in our literature search (Table 1). Thirty-six ENMs including MWCNTs, C,,
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fullerenes, Ag, and TiO, NPs have been evaluated using the CA test in 25 publications. Less
than half (44%) of the tested ENMs were positive. Impressively, Ag NPs induced significant
chromosomal aberrations at concentrations as low as 0.1 pg/ml in human mesenchymal stem
cells [49] and at a concentration of 0.1 pg/cm? in a nonmammalian fish cell line [50].

Another assay used for detecting chromosome damage is the sister chromatid exchange (SCE)
assay. This assay detects reciprocal exchanges of DNA between two sister chromatids of a
duplicating chromosome [8]. Only 9 ENMs have been investigated using the SCE assay. The
results revealed a surprisingly high positive response rate (67%) for the tested ENMs. SiO, NPs
(at different sizes of 6, 20, 50 nm), which is considered relatively less genotoxic than other metal
ENMs, significantly increased the SCE frequency in peripheral blood lymphocytes while they
were negative in the MN assay [51].

The MLA and the hypoxanthine phosphorybosyl transferase (Hprt) assay, using thymidine
kinase (Tk) and Hprt genes as target genes, respectively, are the most commonly used assays
for the determination of chemical-induced gene mutations [52]. Both assays are included in
the guidelines for mammalian gene mutation tests (OECD 476) [53]. There were only two MLA
and six Hprt studies found in the literature. In the MLA studies, 5 nm uncoated Ag NPs
produced dose-dependent cytotoxicity and mutagenicity at doses of 3-6 pg/ml [34], and
tungsten carbide-cobalt (WC-Co) NPs with a diameter of 20-160 nm induced significant
increases in cytotoxicity and mutagenicity following both 4 h and 24 h treatments [54]. Six Hprt
studies investigated the mutagenic effect of four ENMs, TiO,, SiO,, ultrafine quartz, and
SWCNTs, with positive results for Hprt gene mutation found for TiO,, SiO,, and ultrafine
quartz [41, 42, 55-58]. Manshian et al. [58] investigated the genotoxicity of three sizes of
SWCNTs, with a diameter of 1-2 nm and a length of 400-800 nm, 1-3 pum, or 5-30 pm, using
MCL-5 human B-lymphoblastoid cells. Only the 1-3 um SWCNTs significantly increased Hprt
point mutations at concentrations >25 pg/ml. A chronic exposure of Chinese hamster ovary
(CHO-K1) cells with TiO, NPs at up to 40 pg/ml for 60 days produced negative results [57].

2.2. In vivo studies

In vivo responses reflect the systematic biodistribution of ENMs and evaluate the cytotoxicity/
genotoxicity to different tissues and organs. Our literature search identified 73 publications
on the in vivo genotoxicity of ENMs, with the number of publications increasing with time
(Figure 1). As shown in Table 2, the Comet assay remains the most frequently used in vivo
assay for investigating ENM genotoxicity, followed by the in vivo MN assay and then the CA
assay. Both the in vivo MN and Comet assays are recommended by OECD (OECD TG 474 and
489) and ICH for regulatory decision-making [10, 59, 60]. Some ENMs, such as MWCNTs [47],
carbon black [61], TiO, [8, 56, 62], CdSe quantum dots [63], and Ag NPs [64, 65], caused both
DNA strand breaks and chromosomal damage in experimental animals (mainly mice and rats).
However, in contrast to the high proportion of positive outcomes in in vitro studies, about half
of the in vivo MN and Comet assay studies were negative for the tested ENMs (Table 2),
probably due to the higher DNA repair capacity inherent to in vivo models as compared to in
vitro models. It is worth noting that some of the positive ENMs were genotoxic only at the
highest doses tested or in enzymatically modified Comet assays. In the liver of male B6C3F1
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mice intravenously administered 15-100 nm PVP or 10-80 nm silicon-coated Ag NPs at a dose
of 25 mg/kg/day for 3 consecutive days, no increase in DNA breaks was observed with the
standard Comet assay. However, significant induction of oxidative DNA damage by the Ag
NP treatment was detected with the Endolll and hOOG1-modified Comet assay in the B6C3F1
mouse livers [65]. Interestingly, in the 8 publications using the in vivo CA assay, 75% of test
articles were positive, which was much higher than the positive responses (44%) detected with
in vitro CA assay testing of ENMs. This finding may be ascribed to the limited numbers of
ENMs tested in the in vivo studies. The ENMs that did increase CA frequencies were CeO, [66,
67], TiO, [68], Ag [69], and MnO, NPs [70, 71]. Similar to the in vitro genotoxicity studies,
inconsistent genotoxic outcomes were reported with in vivo models as well; however, there
remains convincing evidence that ENMs can be genotoxic in vivo, depending on particle size,
surface coating, exposure route, and exposure duration [72].

Assays Publications® ENMs¢ Positive outcomes? Negative outcomes*
Comet 60 87 49 (56%) 38 (44%)

MN 38 60 28 (47%) 32 (53%)

CA 8 8 6 (75%) 2 (25%)

*d See Table 1 for notes.

Table 2. Summary of in vivo genotoxicity outcomes of engineered nanomaterials (ENMs)?

3. Possible mechanisms underlying genotoxicity of ENMs

ENMs are engineered to possess unique physicochemical properties that may have the
potential to induce genotoxicity through different mechanisms [14]. Although these genotoxic
mechanisms are still uncertain at present, studies indicate that ENMs can induce genotoxicity
both directly and indirectly. Among these mechanisms, ENM-induced genotoxicity is most
often attributed to oxidative stress.

3.1. Oxidative stress

A large number of studies suggest that oxidative stress plays a key role in ENM-induced
genotoxicity [73, 74]. Induction of oxidative stress from ENM exposures could be the result of
increased reactive oxygen species (ROS) or depletion of antioxidant defense molecules because
of the high surface area of ENMs and their interaction with cells and cellular components [14,
73]. Increased ROS can modify DNA bases to induce oxidative DNA adducts, DNA single-
and double-strand breaks, DNA cross-links, and DNA-protein cross-links [14, 75]. If ENM-
induced DNA damage is not repaired, these DNA modifications and lesions can potentially
cause mutations [76]. The correlation between oxidative stress and ENM-induced genotoxicity
has been well documented in a number of studies using the Comet assay, y-H2AX assay, and
8-hydroxy-2’-deoxyguanosine (8-OH-dG) assay [77].
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To determine whether the mutagenicity of Ag NPs resulted from an oxidative stress mecha-
nism [34], we conducted the standard Comet assay concurrent with the oxidative stress Comet
assay. In the oxidative stress Comet assay, addition of FPG, Endolll and hOGG1 lesion-specific
endonucleases produces secondary DNA breaks by cutting at oxidative DNA adducts. While
the Ag NP treatment of the cells did not increase DNA breaks in the standard assay, the FPG,
Endolll and hOGG1 modified Comet assays did detect oxidative DNA damages (Figure 3).
These results suggest that Ag NP exposures induced oxidized nucleotides that could result in

mutations.
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Figure 3. Silver nanoparticles induce DNA damage via oxidative stress. Mouse lymphoma cells were treated with 5nm
Ag NPs for 4 hours. DNA damage was measured by the Comet assay. In the standard Comet assay, DNA breaks in-
creased insignificantly with the increasing concentrations. In the oxidative stress Comet assay, however, addition of
the different lesion-specific endonucleases (hOGG1, Endolll, and Fpg) that cut different oxidative DNA adducts result-
ed in clear concentrations-dependent increases in DNA breaks. * indicates p < 0.01 when compared with the control

group.

3.2. Direct interaction with DNA and nuclear protein

Due to their small size and charged surfaces, ENMs may be internalized through cellular
membranes, reach the nucleus by diffusion across the nuclear membrane or by penetrating
during mitosis. Thus, they can directly interact with DNA. During interphase, ENMs can
chemically bind to DNA molecules and influence DNA replication that could result in DNA
damage. It has been shown that NPs can dissociate double-stranded DNA [78] and cause
clastogenic effects (breaks in chromosomes) or aneugenic effects (producing abnormal number
of chromosomes) [12].
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ENMs also can directly bind to DNA-related proteins leading to intranuclear protein aggre-
gates that inhibit DNA replication, transcription, cell proliferation, and DNA repair [12, 14,
79]. It has been reported that SiO, NPs can enter the cell nucleus and cause aberrant clusters
of topoisomerase I in the nucleoplasm [79]. In silico studies have identified a binding site for
fullerene ENMs, on human DNA topoisomerase II alpha [80], and potential interactions
between ENMs and proteins involved in the DNA mismatch repair pathway [81].

3.3. Ions released from ENM surfaces

Toxic metal ions can easily release from ENMs into their surrounding environment due to their
relatively large surface area. These ions may exert genotoxic effects by the production of
intracellular ROS [12], by binding to cellular macromolecules, or by activating mitogenic
signaling pathways and inducing the expression of cellular proto-oncogenes [82]. For example,
Co NPs can release Co? ions into the culture media [83], and Co* is a topoisomerase II poison
that stimulates DNA cleavage in human MCE-7 cells [84] and induces micronuclei in the MN
assay [85].

3.4. Inflammation

Inflammation is an important protective defense against tissue injury and infection. However,
it can also induce genotoxicity in the form of DNA single- and double-strand breaks, chromo-
some fragmentation, point mutations, and DNA repair deficiency [14, 86]. Silica NP exposures
induce genotoxic effects in male Wistar rats through an inflammatory reaction [87]. Many other
ENMs, such as TiO,, carbon black, magnetite iron, CeO,, SWCNTs, and MWCNTs, can
generate various degrees of inflammatory reactions, including increased expression of pro-
inflammatory cytokines and inflammation-related genes, and formation of microgranulomas
in treated animals [88, 89]. In addition, the association between ROS and inflammation has
been demonstrated, where generation of inflammation and activated inflammatory cells can
increase ROS production [90].

Chronic rat inhalation studies showed that TiO, NPs caused bronchoalveolar adenomas and
cystic keratinizing squamous cell carcinomas, as well as alveolar/bronchiolar adenoma.
Generation of ROS and induction of inflammation by TiO, NPs resulting in oxidative stress
and genotoxicity were considered important factors in the initiation and progression stages of
TiO, NP carcinogenesis [8, 91].

4. Approaches to the risk assessment of ENM genotoxicity

4.1. Suitability of current genotoxicity assays for evaluation of ENMs

A complete genotoxicity evaluation of a test agent required by regulatory agencies generally
involves using a test battery that includes a bacterial gene mutation assay (e.g., the Ames test),
an in vitro cytogenetic assay in mammalian cells and/or the mouse lymphoma mutation assay,
and an in vivo cytogenetic assay (e.g., the in vivo rodent MN assay). However, these assays
were developed for the evaluation of conventional chemicals and bulk materials. Whether or
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not they are suitable for measuring ENM genotoxicity is still under investigation. ENM
genotoxicity modes of action are not very clear and not always predictable. Thus, it remains a
question as to whether the standard tests are appropriate and if they are sufficient.

Because bacterial mutation analysis is sometimes the only assay used for genotoxicity testing,
it is very important to assess the utility of the Ames test for evaluating ENM mutagenicity.
Most of the Ames test data for ENMs thus far reported are negative or only very weakly
positive due to the inability of many ENMs to penetrate through the bacterial cell wall and the
antimicrobial activity of some ENMs [16]. Our previous study indicated that TiO, NPs are not
able to penetrate the cell wall of Salmonella tester strains [18]. Thus, there is a growing concern
as to whether the Ames test is appropriate for evaluating ENM genotoxicity [92]. Since the
Ames test is an important assay for measuring mutagenicity, if it is excluded from the
genotoxicity test battery for ENMs, it may be necessary to include a mammalian cell gene
mutation assay in the test battery [92].

Other standard genotoxicity assays used for evaluating NMs have shown inconsistent results.
The most sensitive method for measuring ENM genotoxicity is the Comet assay. This assay
produces the greatest number of positive results for ENMs both in vitro and in vivo (Table 1
and 2). The MN assay is another commonly used assay for detecting chromosome damage
caused by ENMs. The MN data reveal that the in vitro assay is more sensitive than the in vivo
assay. Mammalian gene mutation assays (Hprt, MLA, and transgenic mutation assays) and the
CA assay are less frequently used than the Comet and MN assays. These genotoxicity assays
are generally accepted for evaluation of ENMs with certain modifications. CytoB interferes
with the uptake of ENMs and thus the binucleated MN assay should be used with caution.
Also, the potential lack of uptake of agglomerated NMs by cells, and possible interference of
NMs with endpoint measurement when measuring fluorescence should be considered, since
these factors create a false positive or false negative result [92].

4.2. Regulatory approaches

For more than 40 years, the OECD has played an important regulatory role in ensuring the
safe use of chemicals. In response to the fast-growing commercial applications for ENMs, the
OECD established a project entitled “Manufactured Nanomaterials and Test Guidelines” in
2006 to ensure that the risk assessment of ENMs would be conducted in a suitable, science-
based and internationally harmonized manner. After six years of work, the OECD concluded
that it was unnecessary to develop completely new testing approaches for NMs and that most
current test guidelines for assessment of traditional chemicals were in general applicable for
ENMs. However, it was indicated that in some cases, modifications were needed to adapt
current test guidelines for ENM specifications [93]. The OECD recently published a report on
the genotoxicity testing of ENMs, in which some consensus statements were addressed [94].
Major recommendations were that the Ames test is not recommended for investigating the
genotoxicity of ENMs; ENM characterization should be undertaken in the cell culture medium
both at the beginning and after the treatment; the extent of cellular uptake is a critical factor
to consider and cell lines that can take up ENMs are preferred for genotoxicity testing; cytoB
should be added only postexposure or using a delayed cotreatment protocol for the in vitro
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binucleated MN assay; pharmacokinetic investigations need to be conducted to determine if
the ENMs reach the target tissue for in vivo studies; and the route most applicable to human
exposure should be selected for ENM genotoxicity testing.

The U.S. Food and Drug Administration (FDA) has also made significant efforts to address the
regulatory issues surrounding ENM products. The FDA Nanotechnology Task Force report
addressed scientific and regulatory issues regarding to the safety and effectiveness of FDA-
regulated products containing NMs. Also, the FDA issued a draft document on the use of
nanotechnology in food for animals and three final guidance documents in 2014 related to
nanotechnology application in regulated products, including cosmetics and food substances
[95]. These documents assert that in vitro and in vivo mutagenicity/genotoxicity data are
considered as one of the important factors for the safety assessment of ENMs. These guidance
documents mainly focus on ENMs because materials manipulated on the nanoscale level may
have altered biocompatibility and/or toxicity [96]. For example, some tea polyphenols in their
bulk form have opposite effects on DNA damage in treated cells to those in their nano form [97].

4.3. Proposed tiered approaches for genotoxicity testing

Despite some discrepancies in the current literature, there is compelling evidence that some
ENMs are genotoxic and potentially carcinogenic in living systems. Thus, multidisciplinary
tiered toxicity testing approaches using different models and test methods are proposed for
risk assessment of various ENMs [11, 98]. These proposals emphasize that a thorough
characterization of the physicochemical properties of ENMs should be the first step in the
evaluation of their genotoxicity. Then an in silico study should follow to simulate quantitative
structure activity relationships between ENMs and their potential interaction with cellular
macromolecules such as DNA and protein [98]. If positive, in vitro studies should be performed
to assess the dose-response effects on cytotoxicity and genotoxicity of target cells, followed by
mechanistic studies and in vivo studies to validate in vitro results. Positive outcomes for
genotoxicity and mutagenicity may suggest a need for conducting further carcinogenicity and
reproductive toxicity tests [11]. The proposed tiered approaches remain to be validated in the
future.

5. Future perspectives

According to the current literature addressing ENM genotoxicity, a lack of physicochemical
characterization, especially characterizing the ENMs in the testing medium, remains the
biggest problem in most studies, and this may account for some of the conflicting test results.
Inconsistency in dose metrics and the test systems also are important factors affecting the
comparisons between studies [14]. Thus, the following should be taken into account for
improving the genotoxicity evaluation of ENMs.

1. Comprehensively detailed physicochemical characterization of ENMs should be per-
formed before and during any genotoxicity study. Important properties that can influence
ENM-induced genotoxicity include size, coating, shape, chemical composition, crystal
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structure, purity, surface area, surface chemistry, surface charge, solubility, and agglom-
eration. Measurements should include the stability of ENMs in the relevant test medium,
such as aggregation status and ion release from metallic ENMs.

2. A battery of standard genotoxicity assays covering a wide range of mechanisms specifi-
cally tailored for ENMs is needed, since current studies generally use genotoxicity test
batteries adapted for traditional chemicals. A mammalian mutation assay such as the
MLA or an Hprt assay should be used in the battery given that the Ames test is not
appropriate for testing the mutagenicity of ENMs. Integration of cytotoxicity assessment
into genotoxicity evaluations will aid in avoiding false-positive results, especially in
situations where genotoxicity can only be observed at excessively high concentrations
with high cytotoxicity.

3. Appropriate controls, specifically ENM-related positive controls, need to be included in
ENM genotoxicity tests. NMs may be different from their bulk materials in terms of
uptake, absorption, transport into cells, and transport across barriers (e.g., blood-brain
barrier) or have altered bioavailability or biological half-life [99]. Positive controls from
bulk materials may or may not have the same tissue distributions as the corresponding
nanoscale materials. If a soluble bulk material used as a positive control for a genotoxicity
assay can reach a specific tissue for testing while insoluble ENMs cannot get into the target
tissue, a false negative result could occur. Thus, ENM-related positive controls will benefit
the genotoxicity evaluation of ENMs, and eventually ENM hazard identification and risk
assessment.

4. Long-term impacts of ENM exposures need to be considered. To date, only a few studies
are available describing the chronic and subchronic toxicity of ENMs in vivo or in vitro.
Although no cytotoxicity or genotoxicity were observed for a chronic exposure of TiO, in
Chinese hamster ovary cells [57], carbon-based ENMs could be visualized in the lung of
mice following a 1-year pulmonary exposure, and SWCNT exposures increased the rate
of K-ras mutations, MN formation, and nuclear protrusions in pulmonary epithelial cells
[100].

5. Adopting high-throughput approaches, i.e.,, CometChip technology, for detection of DNA
damage will facilitate screening a large number of ENMs. In addition, other endpoints
and biomarkers may need to be considered for ENM genotoxicity assessment since a
variety of molecular pathways, autophagy, and epigenetic alterations have been reported
to be involved in ENM-induced genotoxic effects [101-105].
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Abstract

Nanosilver is the most popular and most studied nanomaterial, however, a family of
nanomaterials is rapidly enlarging. They are used in various branches of industry and
everyday life. In medicine new nanomaterials can be used either alone or in combi-
nation with other “classical” drugs, e.g. cytostatic drugs or antibiotics. They can be
also used as diagnostic agents. A development of nanoparticles has led to a new
combination of diagnostic and therapy - theranostic. Size of a particle makes a
difference not only between bulk material and nanomaterial, but also in their
properties and toxicity. Nanomaterials can have beneficial properties, but can also be
toxic. New issues concerning nanomaterials arise - an industrial exposure and
environmental pollution. They can enter human body in various ways. Cellular
mechanisms of nanomaterial toxicity comprise mainly a generation of reactive oxygen
species and genotoxicity. The differences between toxicity of fine particles and

nanoparticles have led to an origin of a new branch of science, nanotoxicology.

Keywords: nanomaterials, nanoparticles, medical use, toxicity

1. Introduction

Nanoparticles can be of various origin: natural, incidental, or manufactured. Natural nano-
particles can be met in fumes or smoke (e.g., carbon black). A fast-growing branch of science,
nanotechnology has led to a development of a variety of newly engineered nanoparticles. As
their use each day becomes broader, the proper evaluation of their toxicity becomes an urgent
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must. Properties of nanomaterials change as their size goes down approaching a nanoscale.
As properties of a bulk form and nanoparticles differ, so we must know if the toxicity also
changes.

2. Nanomaterials used in medicine

When one says “nanoparticle” or “nanomaterial,” the first association usually is nanosilver. It
was the first nanomaterial introduced into medicine due to its antibacterial properties.
Nanosilver has a broad spectrum of both medical and paramedical applications. It is used as
an antibacterial addition to wound dressings and ointments used to protect from infection
wounds, burns, ulcers, and pemphigus. Nanosilver is also applied to cover the surface of
surgical threads, tools, and catheters introduced into veins. Medical protective clothes, gloves,
bed clothes, mattresses, syringes, respiratory tubes, and masks also may contain nanosilver to
reduce the risk of infection. Nanosilver is also used in orthopedics to cover the surface of
various implants and as a component of bone cement to prevent a development of bacterial
infection which in orthopedics may be very dangerous and difficult to treat. Nanosilver is also
used in production of a variety of drug and food packings. Zinc oxide (ZnO) and magnesium
oxide (MgO) nanoparticles also have antibacterial properties and are used as an additive to
food packing [1-3].

Magnetic nanoparticles comprise a next group of medical applications. They are a well-known
diagnostic tool used as magnetic resonance imaging contrast comprising iron oxide nanopar-
ticles or nanoparticles with iron core. Calcium phosphate nanoparticles doped with a near-
infrared dye for optical imaging, fluorophore, have been tested for in vivo diagnostic of human
breast cancer.

A development of new nanoparticles has led to a development of a new combination of
diagnostic and therapy, theranostic. The simplest explanation of this new term is an identifi-
cation of diseased tissues or cells and delivery of a medicine or a therapy (e.g., heating) to this
very site of pathology. A gold-silica nanoparticle system for optical imaging and photothermal
ablation has been developed [4-6].

Superparamagnetic iron oxide nanoparticles (SPIONs) and ultra-small superparamagnetic
iron oxide (USPIO) can be used for targeted drug delivery [7]. Another kind of intensively
studied nanomaterials are mesoporous silica nanoparticles. They may be used for high drug
or imaging agent loading. “Cornell dots” are the first silica-based diagnostic nanoparticles
approved for human clinical trials. Gold nanoparticles can have various medical applications
such as improving efficacy of high-resolution ultrasound imaging, photothermal therapy, and
photothermal release of DNA cargo upon laser irradiation. They have been also shown to pose
antibacterial activities. Quantum dots constitute another class of nanoparticles. They can be
extremely small, typically having only few nanometers. They are usually composed of heavy
metals such as lead or cadmium. Scientists hope to employ them in sophisticated multimodal
imaging techniques [8]. Nanogels, dendrimers, and liposomes are the other classes of nano-
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materials. They can be used for controlled drug delivery. Cell growth scaffolds may be another
application of these classes of nanomaterials [8].

3. Entry portal of nanomaterials into the human body

Various nanomaterials can be used in different ways. Many nanomaterials are used as drug
carriers or imaging agents with an intravenous entrance into the human body. This gateway
for nanoparticles can be well controlled. This way of introducing nanoparticles into the human
body allows for their easy distribution to all organs. The nanoparticles only have to be able to
cross the barrier of blood vessel wall.

Absorption through the skin is another way in which nanoparticles can enter the human
organism. The skin is the largest organ of the human body, reaching above 10 % body mass.
It gives a large area of contact with the external environment, approximately 1,73 m? Skin
contact with nanomaterials may be due to various reasons, occupational contact in industry,
medical applications, and a still-growing amount of cosmetics containing nanoparticles and
clothes with nanoparticles, e.g., sock containing nanosilver to reduce odors. Cosmetics and
products for everyday hygiene like soaps, shampoos, gels, creams, and deodorants also may
contain nanosilver. This nanoparticle is not the only one the skin may be exposed to. Sunscreens
protecting the skin against UV radiation contain titanium dioxide (TiO,) and ZnO nanoparti-
cles. The nanoform of these two oxides is more often used due to its transparent form which
is more acceptable by customers.

Often nanoparticles, mainly nanosilver, are used for treatment of burns, wounds, or ulcers.
Although they are intended to be used topically to prevent infections, a damaged skin makes
their penetration into the body easier. There are four pathways the chemical compounds can
penetrate across the skin: intracellular, transcellular, and two of transappendageal through
sweat glands and hair follicles. The way of penetration depends on physicochemical properties
of nanoparticles. Many other factors can influence the extent of dermal uptake. They can be
roughly divided into two groups, caused by a condition of the skin and by external factors.
The anatomical side resulting in differences of epidermis thickness, a skin barrier integrity and
the presence of wounds or scratches, and skin diseases like allergic or irritant contact derma-
titis, atopic eczema, and psoriasis compose the first group. The external factors include the
contaminated skin surface, irritant detergent and chemicals, mechanical flexion, and exposure
to heat, infrared, or UV radiation. They can increase the skin absorption of nanoparticles [8].

Metallic nanoparticles smaller than 10 nm have been shown to penetrate epidermal layers [3,
9]. Most dermal exposure studies indicate that TiO, does not penetrate the stratum corneum
[10]. Carbon nanoparticles comprising single-walled and multiwalled carbon nanotubes and
fullerenes have a large variety of applications. Fullerenes have been shown to penetrate flexed
but not unflexed skin [10]. Unrefined single-walled carbon nanotubes have been shown to
exert negative effects on cultured skin cells, increasing generation of free radicals and causing
ultrastructural and morphological changes in keratinocytes. These carbon nanoparticles
induced also cellular apoptosis and necrosis response. The surface area of carbon nanotubes
is the best predictor of their negative effects [10].
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Quantum dots also can penetrate the intact skin. This fact is important in an aspect of occu-
pationally relevant skin contact. A surface coating of quantum dots does not influence their
penetration into the skin, but is responsible for a magnitude of toxic effects on skin cells
including cytotoxicity and immunotoxicity [10]. Nanosilver which is contained in various
dressings may influence both keratinocytes and fibroblasts. The latter are more sensitive to
nanosilver than keratinocytes [10]. Gold nanoparticles can penetrate into the skin. This ability
is size dependent. The smaller the nanoparticle, the deeper it can penetrate. Citrate/gold
nanoparticles can be toxic to human dermal fibroblasts [11]. Iron oxide nanoparticles can
penetrate into the skin. They can be rapidly endocytosed by cultured human fibroblasts and
disrupt their function [10].

While discussing skin penetration of nanoparticles, another question arises. Can nanoparticles
cross the skin barrier and be distributed by blood to other organs? Scientists mainly focus their
attention on evaluation of nanoparticle penetration into either usually porcine skin or culture
skin keratinocytes or fibroblasts. If some nanoparticles can penetrate into deeper layers of the
skin, the abovementioned question requires an urgent answer.

Inhalation constitutes the next entry portal of nanomaterials into the human body. This
gateway is very important in a case of occupational exposure to nanoparticles. Lansiedel et al.
applied a new method for evaluation of toxicity of inhaled nanoparticles, a short-time
inhalation study (STIS) instead of a 90-day rodent inhalation study. Nanoparticles and
microscale zinc oxide were evaluated in this study. Among tested materials, only polyacrylate-
coated silica and both forms of ZnO were found in extrapulmonary organs. The first was found
in the spleen, whereas both forms of ZnO elicited necrosis on the olfactory epithelium. Five
materials — coated nano TiO,, nano-CeO,, Al-doped nano-CeO,, and both forms of ZnO -
evoked transient, dose-dependent pulmonary inflammation. The results of this study enabled
to classify studied materials into three groups. Nano-BaSO,, nano-SiO,, four types of surface
coated silica — SiO,-polyacrylate, SiO,-PEG, SiO,-phosphate, and SiO,-amino - nano-ZrO,,
ZrO, TOTA, and ZrO,-acrylate were of low toxic potency. The group of medium toxic potency
had only one studied nanoparticle, non-coated amorphoussilica (naked silica). The third group
of higher toxic potency comprised coated nano-TiO, nano-CeO, Al-doped nano-CeO,,
microscale ZnO, and coated nano-ZnO [11]. ZnO nanoparticles induced collagen formation 4
weeks after instillation [12].

Titanium dioxide has gained much attention in recent years. It can be used in a form of either
fine particles or nanoparticles. TiO, fine particles have been considered as poorly soluble, low-
toxicity particles. Due to their properties, they have been used as a “negative control” in many
toxicological studies. A long-term, 2 years, study with high-dosed TiO, revealed that fine
particles of TiO, might cause lung tumors in rats. The International Agency for Research on
Cancer (IARC) has classified TiO, as possibly carcinogenic to humans (carcinogen group 2B).
With this fact arises a question: Can the results of studies of larger particles be automatically
transferred to nanoparticles? Some studies have shown that TiO, are more toxic than TiO, fine
particles. Although TiO, nanoparticles were shown not to penetrate through the skin, the
effects of inhalation of these nanoparticles seem to require further studies [11].

Gastrointestinal absorption is another important route nanoparticles may enter the human
body. This way is important for nanoparticles which are allowed as “food contact substances”
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and which may come in contact with drinking water, e.g., nanosilver present in water filters
or water purifiers.

The most common way of uptake for both microparticles and nanoparticles in gut is endocy-
tosis by M-cell in Peyer’s patches. Once nanoparticle enters the blood stream, they are
distributed throughout the body. Nanoparticles can pass through barriers of the body and
accumulate in certain organs. Small gold nanoparticles (10 nm) were found to accumulate in
the liver, spleen, kidney, lungs, brain, and reproductive system, whereas larger ones (50-100
nm) and 250 nm were found only in the blood, liver, and spleen [13]. The size of nanoparticles
is an important factor in determining their blood circulation time and places of deposition in
an organism [14]. Nanoparticles entering the gastrointestinal tract are exposed to a wide range
of pH. Hydrochloric acid secreted in the stomach has been shown to influence dissolution of
silver nanoparticles. In these conditions, silver ions are generated from silver nanoparticles.
As the ability of silver particles to cross the gut epithelium is limited, it seems that the main
route of silver uptake from gastrointestinal tract is ion transport. Silver ions may be transported
by mechanism responsible for transport of sodium and copper ions [1,15].

Biological fluids present a wide spectrum of chemical conditions. They can influence nano-
particles in various ways and can cause their agglomeration, changing their properties,
penetration potency, and also toxicity. The fact that some in vivo conditions may change the
particle size must be taken into consideration while evaluating the toxicity of nanomaterials.
It may lead to a conclusion that in some conditions, not a particle size but a size of agglomerate
may determine the properties of nanoparticles and consequently their toxicity [16].

Sometimes nanoparticles can be administered using the intraocular and intranasal routes
which have not been widely studied. Nanosilver can be used in some intrauterine devices,
creating another plausible gateway for nanoparticles.

Nanomaterials can be used as drug carriers and enhancers. The term “drugs” should be widely
understood. They can be of classical chemical nature. Nanoparticles can improve dissolution
and solubility of poorly soluble drugs and successful delivery of hydrophobic drugs, increas-
ing their concentration at targeted tissues. Nanoparticles may also be used for delivery of drugs
into specific cell compartment. This application of nanomaterials may comprise various routes
of administration, not only intravenous.

Nanoscale changes structure-activity relationship of complex nanoparticles. The use of
nanoformulations of drugs allows them to pass some biological barriers which for classical
drug forms are not transferrable. The blood-brain barrier may be a prominent example. The
complex of drug on a nanoporous silica gives a tool for controlling the release of drug at its
side of destination and action [17]. As a progress of pharmacology and nanotechnology enables
to create nanoparticles carrying various drugs, an important question arises. What is respon-
sible for specific side effects, a carrier or a cargo? This approach creates the novel branch of
science — nanotoxicology.

The efficacy of nanoparticles relies on a variety of their modifications and functionalities. This
advantage creates a variety of tasks for nanotoxicology to evaluate the safety/toxicity profile
of each modification. The study of Landsiedel et al. shows that modifications of nanoparticles
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may change their toxicity. Those modifications can alter hydrophobicity and isoelectric points
of particles. Various nanoparticles can have different abilities to agglomerate in specific
biological conditions that may have an important influence on their toxicity [14,18].

4. Toxicity of nanoparticles

The size of nanoparticles of the same chemical compound or the same chemical element may
vary in a wide range from a few nm to about 100 nm. Results of studies concerning nanopar-
ticles of the same chemical nature can give various results depending on the size of used
nanoparticles. A kind of exposure resulting in a specific way of possible absorption is another
factor influencing the results of toxicological studies. TiO, which is thought not to cross the
skin barrier in humans may induce lung tumors in rats when inhaled in high doses for a long
time. TiO, nanoparticles may be absorbed both from the lungs and gastrointestinal tract.
However, the rate of absorption appears to be low. Studies with intravenous administration
of TiO, indicate that these nanoparticles can induce pathological lesions of the liver, spleen,
kidney, and brain. These effects may be attributed to very high doses of TiO, nanoparticles
used in this study [10]. The use of TiO, is widespread. It may be used even as a white color
food additive. It is difficult to estimate how much of total TiO, used is the form of larger, fine
particles and how much in the form of nanoparticles. The difference in toxicity of TiO, fine
particles and nanoparticles is reflected in allowances of occupational exposure. In the USA,
the threshold limit value of TiO, fine particles (total dust) is assigned as 10 mg/m® as time-
weighted average (TWA) for an 8-hour daily work time 5 days per week. That value was
established by the American Conference of Governmental Industrial Hygienists (ACGIH). The
regulation of the Occupational Safety and Health Administration (OSHA) is 15 mg/m?®. The US
National Institute for Occupational Safety and Health (NIOSH) proposed a recommended
exposure limit (REL) for TiO, nanoparticles of 0.3 mg/m? being 10 times lower than REL for
TiO, fine particles. In Japan, TWA for TiO, nanoparticles is 1.2 mg/m?>. The fact that the same
recommendation in the USA and Japan differs four times indicates that further studies
concerning safety limits of exposure to TiO, nanoparticles are required [10].

The skin is a site where the first side effect of nanomaterial was observed. Silver and nanosilver
used as antibacterial agent when overdosed caused anirreversible pigmentation of skin termed
argyria or argyrosis. In these patients, silver deposits form usually in skin regions exposed to
light. The silver deposits are usually collocated with sulfur and selenium. Silver is usually
bound to protein thiol groups or selenium in the case of selenoproteins. Both sulfides and
selenides have a high binding affinity for silver, causing its uptake from biological fluids. Silver
bound to these chemical groups is easily exchangeable and has significant biomolecular
mobility. If silver complexes with thiol groups are located in the skin or near-skin region, silver
can be easily reduced by visible or UV light to metallic nanosilver particles, resulting in an
immobilization of silver nanoparticles in the skin. This process puts new light on a pathogen-
esis of a very old side effect of treatment with various drugs containing silver, argyria. It also
explains why this side effect is usually located in skin regions exposed to light [15].
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Animal experiments with topical administration of colloid nanosilver showed both acute and
chronic dermal toxicity. It was also observed that nanosilver could penetrate from the skin to
the blood and accumulate in the liver and spleen, causing their mild damage detected in
histopathological examination [19]. The fact that nanosilver can cross the skin barrier makes
us look closer and with a greater attention on results of in vitro studies showing nanosilver
toxicity to various cultured cell lines. Nanosilver has been shown to be toxic to peripheral
blood mononuclear cells, human alveolar epithelial cells and alveolar macrophages, rat
hepatocytes, and mouse germline cells [17]. These results indicate that the safety of a still-
increasing use of nanosilver should be better monitored.

In biological fluids, proteins can associate with nanoparticles. The competing of proteins for
the nanoparticle surface leads to a generation of protein “corona” surrounding the nanopar-
ticle. This process can take place in the blood. Not only albumins and fibrinogen can compete
to create “corona” but also lipoproteins. Such an association alters nanoparticle characteristics
and their biological properties. Some nanoparticles associated with apolipoprotein E can cross
the blood-brain barrier. This modification giving some nanomaterials new important biolog-
ical property has a potential significance for a development of new neurotherapies as well as
for neurotoxicity [18,19].

In humans, nanosilver was shown to inhibit the extrinsic coagulation pathway evaluated by
activated partial thromboplastin time (APTT) [20]. In animal experimental model, nanosilver
decreased platelet activation [21]. Nanosilver can cross the blood-brain barrier and accumulate
in the brain, causing necrosis and neuronal degeneration [22]. In a study of Ahamed et al. [23],
nanosilver particles elicited genotoxicity on mouse embryonic fibroblasts. This was caused by
both polysaccharide-coated and uncoated nanosilver particles. Nanosilver was also shown to
accumulate in the testis [24].

Detailed nanotoxicological studies dealing with mammalian reproductive tissues and gametes
have yet to be carried out. A very limited group of nanomaterials have been shown as
biocompatible with mammalian sperm: magnetic iron nanoparticles, a specific type of
CdSe/ZnS quantum dots, halloysite clay nanotubes, and commercial nanopolymer-based
transfectants [25]. A group of nanomaterials biocompatible with mammalian embryo is smaller
and comprises chitosan, CdSe/ZnS quantum dots, and externally applied polystyrene nano-
particles.

Results of studies of sperm toxicities of nanogold remain highly contradictory [25]. Some of
them reported that nanogold elicited spermatoxicity [18].

Nanocopper was shown to reduce in a dose-depended manner cell viability of mouse testis
Leydig cells. In vitro studies of TiO, nanoparticles and ZnO nanoparticles demonstrated a
dose-dependent sperm DNA damage in human spermatozoa. Various studies evaluating the
influence of TiO, nanoparticles on mammalian ovarian cells gave contradictory effects [26].

Various nanoparticles can also influence the endocrine system. In animal models, TiO,
nanoparticles and CdTe/ZnTe quantum dots conjugated with transferrin could alter serum
levels of sex hormones and gonadotropins [26].

167



168 Nanomaterials - Toxicity and Risk Assessment

Nanoparticles can easily cross the placental barrier and enter a fetus. The animal experiments
showed that fullerene nanoparticles were traced in embryos and at higher doses caused
significant toxicity and death [27]. TiO, was shown to transfer from pregnant mice to their
offsprings, affecting the central nervous system and genitals [28]. The results of abovemen-
tioned studies raise a question about the risk of nanoparticle exposure to pregnant women.

Nanoparticles can influence the immune system. They were shown to induce inflammatory
response. ZnO nanoparticles can exert their activity on immune cells through three mecha-
nisms. Promoting antigen uptake by antigen-presenting cells is the first one. Targeting to
specific cells like dendritic cells, Langerhans cells, or macrophages is the second mode. The
third one isimmunopotentation and modulation of activity of antigen-presenting cells through
receptors of innate immune system [29]. ZnO nanoparticles have been found to induce
toxicities particularly in the immune cells as these nanoparticles are specifically found to be
internalized in these cells [29]. Nanoparticles can also act as haptens and modify protein
structures, raising their potential for autoimmune effects [18].

5. Cellular mechanisms of nanoparticles toxicity

In this chapter, the cellular mechanisms of nanomaterials toxicity will be only very briefly
mentioned as they are discussed in detail in other chapters of this book.

5.1. Reactive oxygen species production

Reactive oxygen species (ROS) constitute a pool of reactive species of molecular oxygen,
previously termed free radicals, including superoxide anion (O, ), hydroxyl radical (OH),
hydrogen peroxide (H,0,), singlet oxygen ('O,), and hypochlorous acid (HOCI). Most of them
are produced via electron transport chain in the mitochondria. ROS are generated intrinsically
or extrinsically within the cell. ROS production is widely used in cell signaling, regulation, and
homeostasis [14,30,31].

Nanoparticles entering the cell interact with mitochondria and other subcellular organelles
increasing ROS production. Various nanomaterials of various sizes can disturb mitochondrial
function. ZnO nanoparticles can generate Zn* ions interrupting charge balance in electron
transport chain in the mitochondria and triggering ROS formation. Semiconductor nanoma-
terials can elicit an excited energy state, leading to the generation of O, ~. This ROS is capable
of damaging cellular macromolecules or interrupting cell signaling, leading to cell dysfunction.
It also can cause further generation of other ROS. Some nanoparticles can interact between one
another. Excited CdSe quantum dots are capable of injecting electrons into TiO, [32]. It was
observed that photoactivation of TiO, could also generate O, -and OH' radicals [31]. This fact
seems to be important considering the still-growing use of TiO, nanoparticles. An increased
generation of ROS causes further intracellular disorders [31].

Nanosilver has been observed to significantly decrease incorporation of selenium into
selenoproteins constituting enzymes engaged in antioxidant protection such as glutathione
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peroxidase, thioredoxin reductase, or methionine sulfide reductase [1,21]. Nanomaterials via
increased ROS generation lead to a glutathione depletion. Glutathione is a main intracellular
antioxidant. This depletion may significantly affect cellular metabolism causing mitochondrial
dysfunction and ATP depletion [30].

Generation of lipid peroxides is a next effect of increased ROS generation. Various nanoma-
terials have been reported to generate lipid peroxides and resultant cell membrane damage.
Nanosilver can induce both mitochondrial damage and mitochondrial-dependent apoptotic
pathway [30].

The destruction of cell membrane can cause a membrane leakage of lactate dehydrogenase.
The assay for evaluating the extracellular activity of this enzyme is most commonly used for
membrane leakage testing. Monitoring lactate dehydrogenase activity can be a useful tool for
evaluation of toxicity of nanomaterials [30].

5.2. Genotoxicity

Genotoxicity is caused by agents interacting with DNA and other compounds controlling the
integrity of the genetic material and includes DNA strand breaks, point mutations, ad-
ducts, and structural or numerical chromosomal changes. Nanosilver was the first nanoma-
terial reported to cause DNA damage. This effect was observed in various cells. Ma et al. [33]
observed that nanosilver caused DNA damage accompanied by cell cycle arrest in human
dermal fibroblasts. Hackenberg et al. [34] demonstrated genotoxic effect of nanosilver in
human mesenchymal cells. However, to elucidate these effects, nanosilver had to be used at
a significantly higher concentration as compared to antimicrobial effective levels. In mamma-
lian cells, nanosilver caused an increase of p53 protein expression and Rad51 expression. The
latter is a double-strand break repair protein. Nanosilver also induced apoptosis. The strength
of this genotoxic influence of nanosilver depended on a kind of nanosilver particles used.
Polysaccharide-coated nanosilver particles exhibited more severe DNA damage than
uncoated [23].

Nanosilver can cause DNA damage mainly by two mechanisms. The augmentation of ROS
generation by nanosilver may result in an oxidative damage of both proteins and DNA.
Increased oxidation may lead to a transformation of nanosilver to silver ions Ag* which can
bind to guanine N7 atom. While increasing concentration, they can also bind to adenine N7
atom. Silver ions can also induce G1 phase cell cycle arrest and, at a higher concentration, a
complete arrest in the S phase [35]. Nanosilver was also reported to induce formation of
micronuclei due to the disruption of genetic material division. Formation of micronuclei is
used to measure a potential of genotoxicity due to its sensitive response to various abnormal-
ities in chromosomal segregation [36].

A study of Ivask et al. [36] revealed that nanosilver and graphene oxide nanoparticles shifted
a melting point, triggering an early onset of DNA melting. These nanoparticles could also
change a DNA hydrodynamic size. These observations may indicate novel mechanisms of
nanoparticle genotoxicity. Very thin (1.4 nm) gold nanostructures can intercalate with DNA,
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leading to cell death in human cancer cells [37]. SiO, nanoparticles can enter into the nucleus
and localize in the nucleoplasm. However, they are not considered as carcinogenic [37,38].

Lan et al. observed that TiO, nanoparticles and carbon black nanoparticles could damage DNA
via oxidative stress in human cells. These authors reported that eukaryotes, especially
mammalian cells, were more sensitive to the genotoxicity than prokaryotes [39]. NIOSH has
classified TiO, as carcinogenic. Interesting results were obtained by Darnes et al. who observed
that genotoxicity of carbon nanotubes increased with their width [40].

CdS quantum dots are semiconductor nanocrystals with an increasing use. Their potential
toxicity has become a health concern. A study of Munari et al. [41] indicated that this nano-
material exhibited a concentration-independent genotoxicity in rainbow trout cell line RTG-2.
In the same experiment, nanosized Ag,S showed neither cytotoxicity nor genotoxicity.

While evaluating and comparing results of studies on genotoxicity of nanomaterials, an
influence of several factors should be considered. The conflicting results of various studies
may be caused by two groups of factors. The first one deals with nanoparticles and comprises
variation of size of the nanoparticles, variations of size of distribution, various purities of the
nanomaterials with the same average size of nanoparticles, differences of their coatings,
differences of crystal structure of the types of nanomaterials, differences of size of aggregates
in solution or medium, and different concentrations of nanomaterials used in assay test. The
second group comprises testing conditions such as cell number, cell culture plate format and
volume of treatment medium on the plate, and differences in assays [42,43].

5.3. Activation of inflammatory pathways

Nanoparticles can influence macrophages and neutrophils eliciting an inflammatory response.
These cells try to destroy foreign objects, usually microbial pathogens, inducing enormous
ROS generation. Nanoparticles are also treated by macrophages and neutrophils as something
foreign and these cells try to get rid of them, increasing production of ROS. It leads to an
induction of inflammation [20,31]. An augmented ROS generation can increase the inflamma-
tory response by activation of expression of nuclear factor kappa B (NF«B). It is one of the
major transcriptional factors. It plays an important role in cell survival, differentiation, and
proliferation. It is also involved in growth and development of the immune system. NFxB is
heavily involved in the initiation of inflammatory response [14].

Many nanoparticles have also been reported to induce inflammatory response through
activation of expression of tumor necrosis factor alfa (TNF-a). Nanoparticles can also lead to
an increased expression of other proinflammatory cytokines such as interleukins 2, 6, 8, and
10 (IL-2, IL-6, IL-8, and IL-10) [14,20].

ROS generated by nanoparticles can be either bound to the nanoparticle surface or generated
as free entities in surrounding aqueous suspension. An antioxidant enzyme, glutathione
reductase, can reduce metal nanoparticles into intermediates potentiating the ROS generation.
In this way, nanoparticles can not only increase the generation of ROS but also interfere with
the antioxidant protection mechanisms [31].
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Macrophages and neutrophils can internalize nanoparticles. The consequence of this process
is an activation of these cells, elucidation of inflammatory response, and even cytotoxic effects
of nanoparticles on these cells [20,31].

Pulmonary inflammation seems to be the most prominent inflammatory response generated
by nanoparticles. SiO, and TiO, nanoparticles have been reported to induce this response,
whereas occupational exposure to metal nanoparticles such as Fe, Mn, Si, Cr, and Ni present
in welding fumes may elicit both inflammation and fibrogenic response [31].

6. Conclusions

A family of nanomaterials is rapidly enlarging. The spectrum of the use of nanomaterials is
getting wider, comprising medical, paramedical, and everyday use. In medicine, they can be
used either alone or in combination with other “classical” compounds, e.g., cytostatic drugs
or antibiotics. The latter situation uses their ability to penetrate to certain cells or intracellular
compartments. Nanoparticles are also introduced as valuable tools improving existing
diagnostic methods, e.g., MNR.

New issues concerning nanomaterials arise, an industrial exposure and environmental
pollution. Nanoparticles are being discovered in already known pollutions like diesel exhaust
or welding fumes. These “unwanted” nanoparticles put new light on the toxicological
mechanisms of already known pollutions. It also makes us look at pollutions in macroscale,
microscale, and nanoscale. A rapidly developing branch of electronics also creates new sources
of possible occupational exposure hazard. This situation creates new challenges for both
classical toxicology and nanotoxicology. Centuries ago, Paracelsus said, “everything is a
poison and nothing is a poison, it is only a matter of a dose.” In a case of nanomaterials, it is a
case of both dose and particle size [1].
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Abstract

The recent progress in nanocomposites and nanomaterials is varied and occupies
various fields. Nanocomposites can be prepared with a variety of special physical,
thermal, and other unique properties. On the other hand, self-assembly technique is
playing an important role in preparing well-defined multilevel nanostructures and
the functionalized surface with the designed and controlled properties. In this chapter,
various kinds of nanocomposites including gold nanoparticles, inorganic-organic
hybrid composites, graphene oxide nanocomposites, and supramolecular gels via
functionalized imide amphiphiles/binary mixtures have all been investigated and
analyzed. We summarize main research contributions in recent years in three sections:
preparation and self-assembly of some functionalized hybrid nanostructures;
preparation and self-assembly of some graphene oxide nanocomposites; preparation
and self-assembly of supramolecular gels based on some functionalized imide
amphiphiles/binary mixtures. The above work may give the potential perspective for
the design and fabrication of nanomaterials and composites. New nanocomposites
and nanomaterials are emerging as sensitive study platforms based on unique optical
and electrical properties. Future research on preparation of nanocomposites and
nanomaterials will depend on the less-expensive processes in order to produce low-

cost nanomaterials and devices.
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1. Introduction

The recent progress in nanocomposites and nanomaterials is varied and occupies various fields
[1-5]. Nanocomposites can be prepared with a variety of special physical, thermal, and other
unique properties. They have better properties than conventional microscale composites and
can be synthesized using simple and inexpensive techniques. Now, in a broad sense the word
“composite” means “made of two or more different parts” or “a composite is a combination
of two or more different materials that are mixed in an effort to blend the best properties of
both”. A composite material consists of an assemblage of two materials of different natures
completing and allowing us to obtain a material of which the set of performance characteristics
is greater than that of the components taken separately. Mostly, composite material consists
of one or more discontinuous phases distributed in one continuous phase. Hybrid components
are that which are with several discontinuous phases of different natures. Discontinuous phase
is usually harder and with superior mechanical properties than continuous phase. Nanoma-
terials and nanocomposites often have unique properties that could enable composite mate-
rials with multiple unique properties simultaneously; however, it is often challenging to
achieve these properties in large-scale nanocomposite materials. Furthermore, it is important
that nanomaterials have desirable properties that cannot be achieved through use of conven-
tional chemicals and materials. To assess the potential value of nanocomposites, it is important
to determine which nanomaterials can be effectively integrated into nanocomposites and what
new or improved properties are enabled by this. Thus, models of the interactions within the
nanocomposites are needed to enable development of effective rules of mixtures. This may
require a combination of numerical modeling, characterization, and informatics to enable this
nanocomposite with properties by design capability.

On the other hand, self-assembly technique is playing an important role in preparing well-
defined multilevel nanostructures and the functionalized surface with the designed and
controlled properties [6-8]. Unlike the conventional self-assemblies of amphiphilic com-
pounds at various interfaces or in the bulk, the self-assembly process of the various nanopar-
ticles, colloidal microspheres, metallo-supramolecular systems, inorganic-organic hybrids,
and supramolecular nanostructures exhibits unusual advantages, especially in fabricating
complicated nanomaterials and nanocomposites. The addition of nanocomposites to self-
assembly has enabled new properties for the composite material, but results are highly
dependent on the organized arrangement of the nanocomposites and the processing used. It
is important to determine whether nanomaterials could be integrated into nanocomposites to
enable multiple desirable properties required for a given application.

In our recent research, some functionalized nanocomposites and nanomaterials have been
prepared and investigated. In addition, some of the analytical methods, theoretical treatments,
and synthetic tools, which are being applied in the area of self-assembly and supramolecular
chemistry, will be highlighted. In this chapter, we summarize our main research contributions
in recent years in three sections: (1) preparation and self-assembly of some functionalized
hybrid nanostructures; (2) preparation and self-assembly of some graphene oxide nanocom-
posites; (3) preparation and self-assembly of supramolecular gels based on some functional-
ized imide amphiphiles / binary mixtures.
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2. Preparation and self-assembly of some functionalized hybrid
nanostructures

In recent years, as a kind of important materials in nanoscience and nanotechnology, gold
nanoparticles have been studied most [9-11]. As reported in previous literatures, many
methods [12-14] and various kinds of capping agents [15-18] have been investigated to prepare
functionalized gold nanoparticles with designed and tailored properties. The capacity to
regulate size, shape, and surface functionalized groups to create certain surface properties as
well as to manipulate the colloid stability of nanoparticle dispersions are important factors
related to their practical applications [19-21]. On the other hand, since the self-assembled
nanostructures are very sensitive to and dependent on the molecular skeletons in amphiphile
compounds, the design and synthesis of amphiphilic molecules are of utmost importance. In
this part, we have demonstrated some examples of such systems including preparation of gold
nanoparticles by a series of amphiphiles with hydrophilic ethyleneamine spacers and aromatic
headgroups at liquid-liquid interface. Interestingly, it was found that different gold nano-
structures were obtained due to different substituted headgroups. The photocatalytic prop-
erties of as-made gold nanoparticles on the degradation of methyl orange were also
investigated. At the same time, some amorphous nanocomposites were fabricated using
chemical precipitation methods. All the results rendered us to believe that these nanocompo-
sites are promising adsorbents for enhanced phosphate removal from contaminated waters.

Based on the research background, some gold nanoparticles were synthesized via a series of
bolaform amphiphiles with hydrophilic ethyleneamine spacers and aromatic headgroups at a
liquid-liquid interface [22]. By stirring the aqueous AuCl,” ions solution with the chloroform
solution of used Schiff base compounds, AuCl, ions were transferred into the chloroform
phase and reduced to gold nanoparticles. Various gold nanoparticles and nanostructures have
been gained depending on the different molecular skeletons and spacers, headgroups of
bolaform Schiff base compounds, and the molar ratios of compounds to AuCl,” ions. Morpho-
logical and spectral investigations suggested that used bolaform Schiff base compounds could
act as both capping and reducing agents. For example, the selected-area electron diffraction
(SAED) was done on a single nanostructure on a copper grid, as shown in Figure 1. From the
SAED patterns, as for the gold nanostructures generated by NpN1 and NpN2 with amphiphile
to chloroaurate ion ratio of 1:2, strong electron diffraction patterns were dominated, indicating
the crystalline nature of these nanostructures. In addition, the photocatalytic properties of as-
prepared gold nanoparticles on the degradation of dye (methyl orange as example) were
investigated, demonstrating the effect of substituted groups and molecular skeletons in the
compounds on the sizes of as-prepared gold nanoparticles and subsequent catalytic behaviors.
The present research results indicated that gold nanostructures could be prepared and
designed by bolaform Schiff base compounds and could be well regulated by changing various
substituted skeletons and groups (headgroups and spacers).

In addition, some other gold nanoparticles were synthesized by two bolaform cholesteryl
imide derivatives with different lengths of ethyleneamine spacers at a liquid-liquid interface
[23]. Spectral and morphological measurements indicated that both bolaform amphiphiles
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Figure 1. TEM images of gold nanoparticles using NpN1 and NpN2 with different amphiphile to chloroaurate ion ra-
tio of 2:1 (a and e), 1:1 (b and f) and 1:2 (c and g) after 35 h, respectively. (d and h) SAED pattern and (¢’ and g") EDXS
taken on the gold nanoparticle shown in (c and g), respectively. The Cu peaks originate from the TEM grid. (a’ and e’)
Particle size distribution histograms of gold nanoparticles from TEM images (a and e), respectively.

could serve as both capping and reducing agents. Different gold nanostructures could be
obtained depending on the different spacers and the molar ratios of amphiphile to AuCl, ions.
In order to investigate the gold nanostructures, the chloroform solution was cast onto copper
grid for TEM measurement, as shown in Figure 2. Two main results were obviously observed.
One was the particle size distribution of gold nanostructures that changed distinctly depend-
ing on the different spacers in two bolaform amphiphiles. Another was the effect of molar ratio
of the amphiphiles to AuCl,” ions on the generation of gold nanostructures. In addition, we
also researched the effect of molar ratio of the amphiphiles to AuCl, ions on the creation of
gold nanostructures. The experimental results showed that, with the increase of molar ratio of
the compounds to AuCl,” ions from 2:1 to 1:2, different kinds of shapes and nanostructures
were gained, including hexagonal, polygon nanoparticles and nanoplates with larger size,
respectively. The obtained data demonstrated excess bolaform amide compounds could
significantly increase the reducing ability, and the rapid reduction usually produced larger
nanostructures and nanoparticles. In addition, the photocatalytic performances of as-prepared
gold nanostructures on the degradation of dye (methyl orange as example) demonstrated that
the spacers in the compounds skeletons indeed played an important role in regulating the sizes
of obtained gold nanoparticles and subsequently changing relative catalytic behaviors. The
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obtained research results would provide an exploratory investigation about the design and

preparation of gold nanostructures by utilizing bolaform compounds with different skeletons

and spacers.

4 a’ 2 d’ y
k E .
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Figure 2. TEM images of gold nanoparticles using CH-N1 and CH-N2 with different amphiphile to chloroaurate ion
ratio of 2:1 (a, d), 1:1 (b, €), and 1:2 (c, ) after 35 h, respectively. (¢/, f') EDXS were taken on the gold nanoparticle
shown in (c and f), respectively. The Cu peaks originate from the TEM grid. (a’, d’) Particle size distribution histo-
grams of gold nanoparticles from TEM images (a, d), respectively.

Moreover, composites of the nano-sized perovskite-type oxide of LaMnO, and multi-walled
carbon nanotubes (MWCNTs) were synthesized in a single step using the sol-gel method [24].
Their photocatalytic activities for the degradation of various water-soluble dyes under visible
light were evaluated. The prepared samples were characterized by thermogravimetry analysis,
scanning electron microscopy, transmission electron microscopy, X-ray diffraction, photolu-
minescence spectroscopy, and UV-vis diffused spectroscopy. Results showed that LaMnO,
nanoparticles grew on the surface of MWCNTs with a grain size of around 20 nm. Photoca-
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talysis measurements revealed that the LaMnO,/MWCNT nanocomposites had greater
photocatalytic activities than pure LaMnO; nanoparticles, and the mass percentage of
MWCNTs showed that 9.4% possessed the highest photocatalytic activity. These results can
serve as a foundation for further research on developing MWCNTs-hybridized materials and
improving the photocatalytic activity of the perovskite-type structure photocatalyst.

(b)

Figure 3. SEM images of (a) neat Artemia egg shell and (b) the shell-TiO2 composite material.

In another research system, some Artemia egg shell with asymptotic reduction pores (diam-
eter: 500-2500 nm, shown in Figure 3) can be used as the carrier for nanocomposite materials
[25]. The nanocomposite materials, Artemia egg shell-supported TiO,, were in polycrystalline-
like nanostructures and can be used for high-efficiency formaldehyde removal under visible
light. Our results would suggest that iron, as one of the shell’s natural components, should be
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associated with the photocatalytic performance of shell-TiO, composites. Due to their
interesting absorption and formaldehyde removal qualities, Artemia egg shell, as a novel
naturally porous carrier for nanocomposite materials preparation, especially in the prepara-
tion of nanocatalysts, is worthy of further study.

In addition, a new hybrid nanocomposite was prepared by encapsulating ZrO, nanoparticles
into spherical polystyrene beads (MPS) covalently linked with charged sulfonate groups
(-S0O57) [26]. The obtained adsorbent material, Zr-MPS, demonstrated more preferential
sorption performance toward Pb(II) than the simple equivalent mixture of MPS and ZrO,. Such
experimental data might be assigned to the hybrid of sulfonate groups in polymeric host
spheres, which could increase nano-ZrO, dispersion and Pb(Il) diffusion performances. In
order to investigate the effect of surface functionalized groups, we composite nano-ZrO, with
another two macroporous polystyrene host materials with different surface groups (i.e.,
-N(CH,);"/-CH,Cl, respectively) and a conventional activated carbon, as shown in Figure 4.
The three obtained nanocomposites were abbreviated as Zr-MPN, Zr-MPC, and Zr-GAC. The
presence of —-SO;” and -N(CH,);" was more favorable for nano-ZrO, dispersion than the neutral
—-CH,(CJ, resulting in the sequence of sorption capacities as Zr-MPS > Zr-MPN > Zr-GAC >
Zr-MPC. Present study suggests that charged groups in the host resins improve the dispersion
of embedded nanoparticles and enhance the reactivity and capacity for sorption of metal ions.
In addition, selection of suitable surface groups is also a key factor related to the sorption
kinetic enhancement and sorption performance for application.

Zr-MPC
50y (D improving Nano-IrQ, Dispersion (2 Enhancing Sorption Diffusion

Figure 4. Schematic illustration of the role of charged sulfonate groups of polymeric host on the properties of Zr-MPS
toward Pb(II) retention (-CH,Cl was involved for comparison purpose).
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Figure 5. Characterization of ZrP particles (a) SEM of ZrP; (b) ZrP particles size distributions by DLS analysis; (c) XRD
analysis of ZrP; (d) TGA curve of ZrP.

In another study, amorphous zirconium phosphate (ZrP) was prepared and the increased
sorption performances toward anion-phosphate were investigated [27]. The uptake of
phosphate onto ZrP was measured, and the common used anion-exchange resin (D201) and
zirconium dioxide particles were introduced for references with coexistence of common
anions, the results indicated that both ZrP and ZrO, exhibited more favorable sorption
performances than D-201, which might be ascribed to the information of inner-sphere complex.
Characterizations of ZrP particles were shown in Figure 5. Moreover, the exhausted ZrP
particles were amenable to efficient regeneration by alkaline solution for repeated use. All the
results rendered us to believe that ZrP is a promising adsorbent for enhanced phosphate
removal from contaminated waters.

In addition, nano-ZrP supported by macroporous polystyrene beads with quaternary ammo-
nium groups modification is fabricated based on Donnan membrane principles for efficient
fluoride ion removal in waters [28]. The as-obtained materials exhibited favorable removal of
fluoride ions from aqueous solution in the presence of common anions (SO,*/NO;/Cl) at high
contents. Such satisfactory performances might be ascribed to the structural design of nano-
composite. Characterizations of the nanocomposite ZrP-MPN were shown in Figure 6. The
CH,N*(CH,);Cl groups enhance sorption diffusion and preconcentration in sorbent phase
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theoretically based on Donnan membrane principle. And the embedded ZrP nanoparticles also
devote to the efficient adsorption capacities due to its size-dependent specific properties. Thus,
ZrP-MPN was a promising material for fluoride retention in waters.

<EHER

1563

Figure 6. Morphological characterization of the obtained nanocomposites. SEM of (a) spherical bead Zr-MPN, (b) inner
surfaces within the host material MPN, (c) inner surfaces within Zr-MPN, AFM 3D analysis onto the inner surface of
MPN (d) and ZrP-MPN (e), (f) cross-section Zr distribution of ZrP-MPN by SEM-EDS, (g) TEM of Zr-MPS, (h) the en-
capsulated ZrP nanoparticle size distribution, (i) XRD spectrum of ZrP-MPN. (d") AFM line profile analysis of MPN; (e
") AFM line profile analysis of ZrP-MPN.

Recently, we present a new strategy for a one-step preparation of macroscopic peptide—
inorganic hybrid supramolecular films with functionality [29]. The strategy is closely associ-
ated with supramolecular interactions of self-assembled starting materials. A mechanism
regarding the morphological transition from hybrid nanospheres to visible macroscopic films
is proposed, as shown in Figure 7. Firstly, cationic dipeptides and POM anions interact in bulk
solution and form PECs as the basic building units mainly through electrostatic attraction.
Subsequently, the preformed PECs further stack to form supramolecular networks through
hydrophobic interactions, van der Waals forces, and aromatic stacking, finally leading to the

185



186 Nanomaterials - Toxicity and Risk Assessment

assembly of hybrid nanospheres in water. Depending on the NIR light irradiation, the
morphological transition occurs from hybrid nanospheres to visible macroscopic films through
a process involving disassembly in the aqueous solution and reorganization at air-water
interfaces. Significantly, PECs as basic building blocks remain in the case of the film. The
method presented in this study could be extended for preparation of macroscopic films
involving weak intermolecular interactions suffering from environmental variations such as
temperature and pH, etc.

cationic dipeptide POM PECs

Disassembly and
Interfacial
reorganization

Phatathermal
treatrment

Macroscale functional
supramolecular film

hybrid nanosphere

Figure 7. Schematic illustration of the formation of macroscale functional supramolecular films supported onto a solid
substrate: hybrid nanospheres are initially self-assembled in aqueous solution mainly by strong electrostatic attraction
of cationic dipeptide and polyanions; Structural transformation of a nanosphere solution into the macroscopic film oc-
curs by photothermal treatment, presumably due to photothermally triggered disassembly, and interfacial enrichment
and reorganization of PECs.

3. Preparation and self-assembly of some graphene oxide nanocomposites

Graphene, a single layer of sp’>-bonded carbon atoms, is now promising for enhancing
photocatalytic activity because of its excellent adsorption capacity, high chemical stability, and
large specific surface area [30]. Thus, compounding graphene with semiconductor photoca-
talysts to develop novel nanocomposites with enhanced photocatalytic performance has
received increasing attention. Ullah and coworkers reported that Pt-graphene/TiO, nanocom-
posites were prepared by facile and fast microwave-assisted method and the photocatalytic
activities were investigated by the degradation of rhodamine B (Rh.B) as a standard dye [31].
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Bai et al. developed ZnWO,/graphene hybrid (GZW-X) photocatalysts by an easy in situ
reduction of graphene oxide and ZnWQO, in water and high efficiency for the degradation of
methylene blue under both UV and visible light [32]. Sun and coworkers prepared
ZnFe,0,/ZnO nanocomposites immobilized on different content of graphene on the basis of
an ultrasound-aided solution method [33]. The molar ratio of ZnFe,O, to ZnO and the content
of graphene could be controlled by adjusting the amount of zinc salts and graphene oxide
dispersions. Xu et al. obtained reduced graphene oxide/Bi,IWO, (RGO-Bi,WO,) composite
photocatalysts, and an enhancement in photocatalytic activities were observed in RGO-
Bi,WO, composites compared with pure Bi,WO [34]. To enhance the photocatalytic activity,
efforts have been exerted to load photocatalysts on the structure of graphene [35-38]. In this
part, we have demonstrated some examples of research systems including preparation of
magnetite/reduced graphene oxide (MRGO) nanocomposites for removal of dye pollutants,
as well as metal oxides-graphene composite for photocatalyst. These works not only provided
important inspirations for developing graphene-hybridized materials but also opened new
possibilities to improve the photocatalytic activity of photocatalyst.

Firstly, LaMnOs-graphene nanocomposite photocatalysts were synthesized by a sol-gel
method for the first time [39]. Pure LaMnO; perovskite phase was successfully anchored on
the surface of graphene sheets and had good dispersion behavior, as shown in Figure 8. The
photocatalytic activity of the LaMnO,-graphene composite was higher than that of the pristine
LaMnO;. The enhancement of UV-vis photocatalytic light activity can be attributed to the high
separation efficiency of photo-induced electron-hole pairs resulting from the excellent
conductivity of graphene in LaMnO;-graphene and the large surface contact between gra-
phene and LaMnQO,, which can promote the adsorption of organic dyes and improve the
transfer efficiency of the photocatalytic process. This work not only provided important
inspirations for developing graphene-hybridized materials but also opened new possibilities
to improve the photocatalytic activity of perovskite photocatalyst.

In another research work, La; ,Sr,MnO,/graphene thin films were obtained using sol-gel and
spin-coating methods on glass substrates [40]. A combination of chemical bonds between the
thin films and substrates was achieved using a silane coupling agent (APTES), illustrated in
Figure 9. In this method, the sol particles were adsorbed on the graphene surface by electro-
static adsorption in aging stage. The subsequent calcination process made the LaMnO,
particles grow and crystallize on the graphene surface. The structure, grain size, and mor-
phology were characterized by spectral and morphological methods. Results show that
perovskite nanoparticles grew on graphene, and the size of the grain was about 40 nm. In the
process of acid red 3GN photodegradation, LaMnO,/graphene thin film had sound stability
and better photocatalytic ability than LaMnO; thin film. Graphene accelerated the adsorption
of the dye, which inhibited the reunion of light-induced e-h*, and improved the photocatalytic
efficiency. A red shift of the absorption edge, which enhanced the photocatalytic performance
of the LaMnOs/graphene thin film, was achieved by doping Sr. When x = 0.1, the decoloration
rate reached 94.52%, and the TOC concentration of acid red 3GN was only 0.36 mg/L after
illumination for 4 h.
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Figure 8. (a) AFM image of the as-synthesized graphene; (b) SEM image of graphene; (c, d, e) SEM, HRTEM and SAED
images of LaMnOs-graphene composites.

In addition, anovel photocatalyst of LaMn,_ Co,O,/graphene composites had been synthesized
by sol-gel process assisted with chelating effect of citric acid [41]. It was found that LaMnO;
perovskite phase was successfully processed which anchored on the surface of graphene
sheets, and doping Co did not change the perovskite structure. The UV-vis photocatalytic
activity of the photocatalysts was evaluated by the degradation of diamine green B. In the
photodegradation of diamine green B, after graphene was introduced to LaMnO; as a photo-
catalytic, it can accelerate the adsorption of the dye, while doping Co enhances the photoca-
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Figure 9. Preparation flow chart of the LaMnO;/graphene thin film on glass substrate.

talytic performance of LaMnO,/graphene composites and LaMn,gCo,:05/graphene
composite has the best catalytic activity. The charge transfer mechanism that occurs in the
LaMnO,/graphene composite during photocatalytic process is shown in Figure 10. Diamine
green B molecules could transfer from the solution to the composites' surface and be adsorbed
with offset face-to-face orientation via m—m conjugation between diamine green B and aromatic
regions of the graphene; therefore, due to its giant -conjugation system and two-dimensional
planar structure, the adsorptivity of dyes improved compared to the bare LaMnO;. Due to
these holes and electron transfers, charge recombination is suppressed in LaMnOs/graphene
composite and hence largely enhances the efficiency of photocatalytic properties.

Moreover, some graphene-based LaNiO; composite films were also prepared by using sol-gel
method and spin coating technique on glass substrate [42]. The composite films were charac-
terized by various techniques. The experimental data demonstrated that the size of LaNiO,
crystalline grains is about 20 nm with uniform growth in graphene sheet. The photocatalytic
performance of films had been investigated by degradation of Acid red A as an example.
Comparing with LaNiO,; films, the LaNiO,/graphene composite films indicated better photo-
catalysis properties. When the content of graphene is changed as about 4%, the photocatalytic
efficiency of the LaNiO,/graphene composite films is double of the LaNiO; films.
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Figure 10. Proposed mechanism for photocatalytic degradation of diamine green B over graphene-based perovskite
photocatalysts under light irradiation.

In another system, La; ,Ca MnQO, perovskite—graphene composites are synthesized as catalysts
for Zn-air cell cathodes [43]. The results indicated that perovskite phase adhered on the surface
of graphene sheets, and adding graphene significantly improved the electrochemical per-
formance of LaMnQOs. FE-SEM analyses were carried out to observe the morphology of the as-
synthesized material, as shown in Figure 11. The as-prepared graphene have gauze-shaped
wrinkles and folds structure, which may be caused by oxygenic functional group and the
resultant defects during the preparation of graphene oxide. As catalyst of air electrode, its
porous structure could greatly increase the three-phase region, thereby improving the mass
transfer process. The voltage plateau was superior when the ratio of graphene was 10 wt%. Ca
doping not only maintained the perovskite structure but also significantly improved the
electrocatalytic activity for the ORR, and La;(Ca,;,MnO;-graphene exhibited the best catalytic
activity. The electron transfer number of La;,Cay,MnO;—graphene was 3.6, which was
calculated from the RRDE measurement result. This finding indicated that the sample
exhibited considerable catalytic activity for the ORR. These results indicate that the
La; xCaxMnOs;-graphene composites are potential air electrodes catalysts.

Recently, a new photocatalyst of LaMnOs/graphene thin films with the perovskite-type was
synthesized by sol-gel process assisted with spin coating methods on glass substrates [44].
Results showed that after the introduction of graphene, the perovskite structure was un-
changed and the size of LaMnQO,; particles was about 22 nm, with uniform growth in graphene
sheet. Determination of contact angle indicated that the contact angle of glass substrate
decreased and the hydrophilicity improved after treating with H,SO, and APTES. The UV-vis
photocatalytic activity of the photocatalysts was evaluated by the degradation of diamine
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Figure 11. FESEM images of (a) graphene; (b, ¢, d) FE-SEM, (e) EDS, (f) HRTEM of La,,Ca,,MnO;-graphene compo-
site.

green B. LaMnO;/graphene thin films had better photocatalytic ability than LaMnO; and
TiO, films.

4. Preparation and self-assembly of supramolecular gels based on some
functionalized imide amphiphiles/ binary mixtures

In recent years, supramolecular gels, which show different organized three-dimensional
aggregates with micrometer-scale/nanometer-scale lengths and diameters immobilizing the
flow of liquids (water or organic solvents), have been well known for wide applications on
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drug delivery, functionalized materials, agents, and sensors as well as water purification [45-
48]. The driving forces responsible for gel formations are mainly different noncovalent
interactions, such as van der Waals forces, hydrogen bonding, dipole-dipole interaction, m—
7t stacking, and host-guest interaction [49-51]. On the other hand, gels are early investigated
in macromolecular/polymer cases, but there has recently been an increasing attention in low
molecular mass organic gelators (LMOGs) [52-54]. Such kind of organogels have some
advantages over previous polymer-based gels: the molecular structure of the gelator is defined,
and the gel process is usually reversible. Such properties can allow to design and prepare
various functionalized gel systems and produce more complicated and controllable nanocom-
posites and/or nanostructures [55-57]. In this part, we have demonstrated some examples of
such systems including supramolecular gels based on some functionalized imide amphiphiles
or binary mixtures. The gelation properties of these organogels will be discussed to attempt
to understand the stacking mechanism and assembly modes and thereby try to control
multidirectional self-assembly in some content. The objective is to give some insight to design
and character new versatile organogelators and soft materials with special molecular struc-
tures.

Firstly, two new cholesterol imide derivatives with azobenzene substituent groups have been
synthesized. The difference in the headgroups of azobenzene segment can produce a dramatic
change in the gelation behavior [58]. Upon UV irradiation on the as-formed gel, trans—cis
photoisomerization of the azobenzene functionalized groups occurs, and the shift in molecular
polarity leads to the collapsed breaking of van der Waals forces, resulting in the gel-sol
transition. In addition, the formed gel can also be recovered by the reverse cis—trans photoiso-
merization after exposure to visible light, as shown in Figure 12. Morphological and spectral
results indicate that the gelator molecules self-assemble into one-dimensional belts with
diameters 50-80 nm, which further self-assemble to form regular nanobelts. The obtained
experimental data give useful information for the development of new functionalized low
molecular mass organogelators and nanomaterials.

In addition, new bolaform and trigonal cholesteryl amide derivatives with different aromatic
spacers were designed and prepared [59]. The gelation behaviors of two cholesteryl derivatives
with aromatic spacers in various organic solvents can be regulated by changing spacer size
and molecular shapes, as shown in Figure 13. While the trigonal compound gels 3 of the 20
solvents investigated at a concentration more than 3.0%, the bolaform amide compound gels
2 of the solvents tested at a concentration more than 2.0%, respectively. In addition, morpho-
logical observations indicate that the size of the spacers and the identity of the solvents are the
main factors affecting the organized stacking of the aggregates in the as-formed gels. After
experimental investigation, a clear process about spacer effect on the organized nanostructures
of the gels was proposed.

In another study, some new glutamic acid diethyl ester imide derivatives with different alkyl
substituent chains were designed and synthesized [60]. The results indicated that the length
of alkyl substituent chains linked to benzene ring in gelator compounds played an important
role in the gelation performance of all compounds in various organic solvents. Longer alkyl
chains in molecular skeletons in the present as-formed gelators are favorable for the gelation
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Figure 12. Photographs of Ch-azo (1.5% w/v, 0.1 cm path length) in hot DMF solution (a), formed gel in room tempera-
ture (b), after UV irradiation for 170 min (c), and subsequent visible irradiation for 40 min (d).
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Figure 13. A possible aggregation mode of Ch-p-ben gel in aniline.

of organic solvents. SEM and AFM investigation demonstrated that the gelator molecules self-
assemble into different aggregates from wrinkle, lamella, belt, to fiber with change of solvents.
In addition, the xerogels in nitrobenzene of all compounds were characterized by AFM, as
shown in Figure 14. From the pictures, it is wealthy to note that these big belt or lamella
aggregates contained many little domains by stacking of the present imide compounds.
Spectral studies indicated that there existed different H-bond formations and hydrophobic
forces, depending on the alkyl substituent chains in molecular skeletons.

In addition, four azobenzene imide derivatives with different substituent groups were
designed and synthesized. Their gelation behaviors in 21 solvents were tested as novel low-
molecular-mass organic gelators [61]. It was shown that the substituent groups in azobenzene
residue and benzoic acid derivatives can have a profound effect upon the gelation abilities of
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Figure 14. AFM images of xerogels from GC16 (a), GC14 (b), and GC12 (c) gels in nitrobenzene, respectively.

these studied compounds. The results indicated that more alkyl chains in compound skeletons
in the present used gelators are favorable for the gelation of organic solvents. Morphological
investigations suggested that the gelator molecules self-assemble into different shapes of
aggregates, from wrinkle, lamella, and belt to fiber with the change of solvents, as shown in
Figure 15. The present work may give some insight to the design and character of new
organogelators and soft materials with special molecular structures.

It is well known that luminol is regarded as a famous and efficient case in electrochemilumi-
nescence (ECL) investigations for the detection of hydrogen peroxide. In our previous reports,
some novel luminol imide compounds with various substituent alkyl chains were designed
and prepared. Their gelation performances in 26 solvents were measured as new low molecular
mass organic gelators [62]. The experimental data indicated that the length and substituent
number of alkyl chains connected with benzene ring in gelator skeletons played an important
role in the gelation formation of all imide derivatives in different organic solvents. Longer alkyl
chains in molecular structures in used gelator compounds are favorable for the gelation of
present organic solvents. Morphological investigations suggested that the gelator molecules
self-assemble into various micro/nanoscale aggregates from dot, flower, belt, rod, and lamella
to wrinkle with solvents change, as shown in Figure 16. Considering the XRD results described
above and the hydrogen bonding nature of the orderly aggregation of these imide compounds
as confirmed by FT-IR, a possible assembly mode of TC18-Lu organogels was proposed. Now
the ECL properties generated by the present xerogels of these luminol derivatives in the
presence of hydrogen peroxide are under investigation to display the relationship between the
molecular structures, as-formed nanostructures, and ECL sensors.

In addition, some functional cholesteryl compounds with various spacers were chosen and
prepared. Their gelation performances in 23 solvents were tested, and some of them were
investigated to be low molecular mass organic gelators [63]. The obtained data suggested that
these as-prepared organogels can be changed by regulating the flexible/rigid parts in spacers
and organic solvents. Suitable joint of flexible/rigid parts in molecular spacers in the used
cholesteryl compounds is favorable for the gelation of organic solvents. To obtain a visual
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Figure 15. SEM images of xerogels. SC16-Azo gels ((a) benzene, (b) pyridine, and (c) DMF) and SC16-Azo-Me gels ((d)
tetrachloromethane, (e) benzene, (f) nitrobenzene, (g) aniline, (h) DMF, and (i) 1,4-dioxane).

insight into the prepared gel nanostructures, the typical nanostructures of these gels were
investigated by SEM technique, as shown in Figure 17. Considering the obtained results and
the interaction nature about organized stacking in prepared organogels, some reasonable
stacking modes in the formed gelators were proposed. As for CH-C1 xerogel from 1,4-dioxane,
due to the flexibility of ether band in the molecular structures and various intermolecular forces
with solvents, after the oriented hydrogen bonding and organized stacking in different
solvents, various stacking units with various lengths were gained. As for CH-C3 with an
additional diphenyl part connected with ether band in the spacer segment, the joint of a flexible
ether band and a rigid diphenyl part in the molecular spacer with r—m stacking seemed more
suitable to regulate molecular conformation to self-assemble and form organized self-assembly
nanostructures. On the other hand, for the case of CH-C4 with a five-carbon alkyl substituent
chain connected with phenoxy ether band in the molecular spacer, due to the addition of a
flexible alkyl segment and a weak hydrophobic force between alkyl chains, it can also self-
assemble to fabricate some belt-like domains. Moreover, for CH-C2 and CH-N1, the inefficient
or poor gelation behaviors in used solvents may be mainly attributed to the too rigid or too
flexible spacers in molecular skeletons, which cannot cause enough intermolecular forces to
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Figure 16. SEM and AFM images of xerogels. (a) TC18-Lu, (b,d) TC16-Lu, and (c) TC14-Lu in DMF gels.

make the molecules align and self-assemble in an organized way to form various nanostruc-
tures. Now, the drug release behaviors generated by the present xerogels in the mixture of
Congo red are under investigation to display the relationship between the molecular structures
of as-formed nanostructures and their properties.

Moreover, another bolaform cholesteryl imide derivative with conjugated aromatic spacer was
designed and prepared. The gelation performances in 23 solvents were tested as efficient low-
molecular-mass organic gelator [64]. The obtained data demonstrated that the morphologies
and assembly modes of as-prepared organogels can be changed by regulating different kinds
of organic solvents. Considering the described experimental results, some possible assembly
mechanisms about the gelators were proposed and schematically shown in Figure 18. As for
CH-PY xerogel from n-butyl acrylate, due to the rigidity of conjugated spacer in molecular
structure and different intermolecular forces with solvents, after oriented hydrogen bonding
and orderly m-mt stacking, CH-PY molecules have a tendency to self-assemble in stretched
mode. As for CH-PY xerogels from used other solvents, such as n-pentanol and cyclopenta-
none, in comparison with r—mt stacking, the intermolecular forces with solvents seemed more
obvious to adjust molecular conformation to self-assemble and form different twisted stacking
nanostructures.
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Figure 17. SEM images of xerogels. CH-C1 gels ((a) isooctanol, (b) n-hexane, (c) 1,4-dioxane, (d) nitrobenzene, (e) ani-
line), CH-C3 gels ((f) cyclohexanone, (g) 1,4-dioxane, (h) nitrobenzene, (i) ethyl acetate, (j) petroleum ether, (k) DMF),
CH-C4 gels ((l) nitrobenzene, (m) aniline, (n) n-butyl acrylate, (0) DMF), and CH-N1 gels ((p) pyridine).

In another research work, the gelation behaviors of binary organogels composed of azobenzene
amino derivatives and alkyloxybenzoic acids with different lengths of alkyl chains in various
organic solvents were investigated and characterized [65]. The corresponding gelation
performances in 20 solvents were characterized and shown as novel binary organic systems.
Itindicated that the lengths of substituent alkyl chains in compounds have played animportant
role in the gelation formation of gelator mixtures in present tested organic solvents. Longer
methylene chains in molecular skeletons in these gelators seem more suitable for the gelation
of present solvents. Morphological characterization showed that these gelator compounds
have the tendency to self-assemble into various aggregates from lamella, wrinkle, and belt to
dot with change of solvents and gelator mixtures, as shown in Figure 19. Meanwhile, these
organogels can self-assemble to form monomolecular or multilayer nanostructures owing to
the different lengths of alkyl substituent chains. Possible assembly modes for present xerogels
were proposed. The present investigation is perspective to provide new clues for the design
of new nanomaterials and functional textile materials with special microstructures.

In another continuous work, the gelation behaviors of binary organogels composed of
azobenzene amino derivatives and fatty acids with different alkyl chains in various organic
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Figure 18. Rational assembly modes of CH-PY organogels in stretched stacking (a, 3.5 nm) and twisted stacking (b,
2.73 and 2.38 nm), respectively.

Figure 19. SEM images of xerogels. C16-Azo (a, b, ¢, d, e, and f) and C16-Azo-Me (g, h, i, j, k, and 1) in toluene, nitro-
benzene, ethanolamine, n-butyl acrylate, chloroform, and benzene, respectively.

solvents were designed and investigated [66]. The experimental results indicated that their
gelation behaviors solvents can be regulated by changing the length of alkyl substituent chains
and azobenzene segment. Longer alkyl chains in molecular skeletons in present gelators are
favorable for the gelation of organic solvents. For the mixtures containing 4-aminoazobenzene,
only C12-Azo cannot form any organogel in present solvents. While for the mixtures contain-
ing 2-aminoazotoluene, only C18-Azo-Me and C16-Azo-Me can form gel in ethanolamine,
respectively. The prepared nanostructured materials have wide perspectives and many
potential applications in nanoscience and material fields due to their scientific values.
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Figure 20. Two possible assembly modes for Glu-C18 organogels in different solvents.

In addition, the gelation behaviors of binary fatty acids with different length of alkyl chains
and glutamic acid amino derivative in various organic solvents were designed and investi-
gated [67]. The obtained data showed that the length of substituent chains has played an
important role in the gelation properties of all gelator systems in different organic solvents.
Longer alkyl chains in molecular structures in used gelator compounds are favorable for the
gelation preparation of organic solvents. Considering the XRD results described and the
hydrogen bonding interaction of these binary mixtures as confirmed by FT-IR measurements,
two possible assembly modes of Glu-C18 were proposed and schematically shown in Figure
20. As for xerogels of Glu-C18 in different kinds of solvents (for example, toluene, isopropanol,
n-butanol, and ethanolamine), the alkyl chains in neighboring molecules or stacking units will
be able to penetrate easily into the empty room between the alkyl chains in another self-
assembly unit. Under such self-assembly mode, the layer distance will increase to about 3.2
nm. For the xerogels of Glu-C18 in two other solvents, due to the chains parallel to the layer
surface, the repeating stacking unit with length of about 2 nm was gained.

Moreover, some binary organogels based on glutamic acid derivatives and acids with different
molecular skeletons were designed and prepared [68]. Their gelation behaviors in single or
mixed solvents were tested as novel low molecular mass organic gelators. The experimental
data showed that the solvents and molecular skeletons played a crucial role in regulating the
gelation behaviors and fabrication of nanostructures. Suitable single solvents or volume ratios
in ethanol/water mixed solvents seemed more favorable for the formation of supramolecular
gels due to cooperation of multi-intermolecular weak forces, as shown in Figure 21. Rational
assembly modes in organogels were proposed and discussed. In these gels systems, the strong
ni—7t stacking of benzene ring and symmetrical assembly modes in molecular skeletons seemed
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to have played an important role in regulating the intermolecular hydrogen bonding and
orderly stacking in single/mixed solvents. In addition, the differences of gelation solvents can
be mainly attributed to the variable molecular skeletons and assembly modes, which induced
different types of intermolecular forces, such as —mstacking in present cases.

Figure 21. Photographs of GC2 organogels from ethanol/water mixed solvent with the volume ratios of 5:1, 2:1, 1:1, 1:2,
1:5, and 1:10 (a, b, ¢, d, e, f, respectively).

Figure 22. A reasonable self-assembly mode for S-TriC18 organogels.

In our recent study, the gelation behaviors of binary organogels composed of aminobenzimi-
dazole/benzothiazole derivatives and benzoic acid with single/multi-alkyl substituent chain
in various organic solvents were designed and investigated [69]. The experimental results
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indicated that their gelation behaviors can be regulated by changing the number and length
of alkyl substituent chains and benzimidazole/benzothiazole segment. The numbers of alkyl
substituent chains linked to benzene rings in these acid derivatives have a profound effect
upon the gelation abilities of these studied gelator mixtures. More alkyl chains in molecular
skeletons in present gelators are favorable for the gelation of organic solvents. The length of
alkyl substituent chains has also played an important role in changing the gelation behaviors
and assembly states. Considering the obtained results and the interaction nature of the
organized packing in prepared gelator system, a possible self-assembly mechanism of S-TriC18
was proposed and schematically shown in Figure 22. As for xerogels of S-TriC18, due to the S
element position in benzothiazole ring, after the intermolecular hydrogen bonding and orderly
stacking, the repeating unit with length of about 2 nm was obtained.

In another compared research work, some new benzimidazole/benzothiazole imide deriva-
tives with different alkyl substituent chains were designed and synthesized. The experimental
data demonstrated that the substituent alkyl chains and headgroups of benzimidazole/
benzothiazole segments in gelators played an important role in the gelation properties of all
derivative system in different organic solvents [70]. More alkyl chains in molecular structures
in used gelator compounds are favorable for the gelation of used organic solvents. Morpho-
logical investigations indicated that the gelator molecules self-assemble into different aggre-
gates domains from wrinkle, lamella, and belt to dot with solvent change. Spectral research
suggested that there existed various H-bond between functional imide headgroups and
hydrophobic force of substituent alkyl chains in molecular structures and skeletons. The
present obtained results may provide new insights into preparing novel gelator systems and
soft materials with special functions.

In another research system, we have investigated the preparation of organogels by self-
assembly of cationic amphiphile-based GO composites [71]. Their gelation properties in
different organic solvents can be changed by regulating functionalized headgroups in
amphiphile compounds. Ammonium headgroup of molecular structures in the composites is
more favorable for the gelation formation of different organic solvents in comparison with
pyridinium headgroup. Headgroup effects of amphiphiles have been demonstrated to be an
efficient means to manipulate the self-assembly of GO-based composites. Diversity of inter-
molecular packing between composites and solvents is presumably responsible for the
presence of various nanostructures. Considering the obtained results data and the organized
stacking modes in the prepared organogels, some reasonable self-assembly modes in cationic
amphiphile-graphene oxide gels are proposed and schematically shown in Figure 23. As for
CTAB-GO gel, due to the van der Waals force and flexibility of substituent chains in the
molecular structures as well as the strong electrostatic force of ammonium headgroups with
oxygen-containing functional groups at GO surface, after combination with GO, organized
stacking units are gained in different solvents. As for C16Py-GO and BPy-GO nanocomposites
with additional functionalized pyridinium headgroups, the m—m stacking between carbon net
in GO plane and pyridine ring suggest being competitive with the electrostatic interaction and
van der Waals force. So the self-assembly stacking units in nanostructures between amphiphile
compounds and GO in present two systems are not organized sufficiently in comparison with
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Figure 23. Scheme of different assembly modes in cationic amphiphiles-graphene oxide gels. CTAB-GO (a), C16Py-GO

(b), and BPy-GO (c).

that of CTAB-GO gel due to the joint of many kinds of forces. Therefore, the present research

work might renew interest and provide useful exploration in the design of self-assembled GO

composites and soft matters in the future.

In addition, we have also demonstrated the formation of organogels by self-assembly of

cationic gemini amphiphile-GO composites [72]. Their gelation behaviors in various organic
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Figure 24. SEM images of xerogels. GO powder (a), C18-6-6/GO gels ((b) DMF), C18-6-12/GO gels ((c) DMF, (d) ben-
zene, (e) toluene, (f) 1,4-dioxane, and (g) THF), and C18-6-18/GO gels ((h) cyclohexanone, (i) THF, and (j) pyridine).
Typical EDXS (1) of xerogels originate from C18-6-6/GO gels in DMF (k). The Cu and Au peaks originate from the sub-
strate of copper foil and the coated gold nanoparticles.

solvents can be regulated by changing symmetry in skeletons of amphiphiles. The substituent
groups or symmetry in molecular skeletons can regulate the stacking and self-assembled
nanostructures upon distinct intermolecular forces. Longer alkyl chains and symmetric
structures in molecular skeletons helped to increase hydrophobic force and flexibility in self-
assembly process. Diversity of intermolecular packing between composites and solvents is
presumably responsible for the presence of various nanostructures, as shown in Figure 24. It
is clearly investigated that the nanostructures of the as-formed xerogels of all composites in
various solvents are significantly different from each other, and the morphologies and
nanostructures of the self-assembled aggregates change from wrinkle and lamella to belt with
the change of solvents. The difference of morphologies can be mainly attributed to the different
stacking mechanisms and self-assembly modes upon interactive forces between gelators and
solvent molecules. A possible mechanism for symmetry effects on self-assembly and as-
prepared nanostructures is proposed. It is believed that the present amphiphile-GO self-
assembled system will provide an alternative exploration for the design of new GO composite
nanomaterials and soft matters.

5. Conclusion and perspectives

We are working on the design, preparation, and self-assembly of functionalized nanocom-
posites and nanomaterials. In this chapter, various kinds of nanocomposites including gold
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nanoparticles, inorganic-organic hybrid composites, graphene oxide nanocomposites, and
supramolecular gels via functionalized imide amphiphiles/binary mixtures have all been
investigated and analyzed. The above work may give the potential perspective for the
design and fabrication of nanomaterials and composites. In closing, new nanocomposites
and nanomaterials are emerging as sensitive study platforms based on unique optical and
electrical properties. In addition, supramolecular self-assembly is a key physical chemis-
try subject due to its close relationship to many fundamental and application scientific
questions like catalysis, chirality, electron and energy transfer, single molecule science, and
organic electronics. The results mentioned here only provide a cursory browse of some
progress. Future research on preparation of nanocomposites and nanomaterials will depend
on the less-expensive processes in order to produce low-cost nanomaterials and devices.
The development in this area has been fascinating. It can be predicted that as the growth
of understandings of the rules in the nanoscale, our dream to prepare functionalized
nanocomposites and nanomaterials with self-assembly and organized nanostructures could
be realized in future.
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