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SUMMARY

Background and purpose: The human population has been exposed to 

nanoparticles (particles with nano-dimensions) throughout all its 

evolutionary process; however, this exposure has been increased since the 

industrial revolution in the XIX century. Indeed, engineered nanoparticles 

are already used in many industries (e.g. computing engineering, 

aerospace) and in a wide range of applications, from cosmetics and food to 

paints and batteries. Therefore, humans are being increasingly more 

exposed to different types of nanoparticles. Furthermore, purposeful use of 

nanoparticles in humans is also growing as drug delivery systems and other 

nanomedical and nanopharmaceutical applications are being developed. 

Amorphous silica nanoparticles are one of the most frequently used group of 

engineered nanoparticles. However, interactions of these nanoparticles with 

human cells and tissues as well as their pharmacological and toxicological 

effects have not been elucidated yet. Inhalation is the main portal of entry 

of nanoparticles to the body and this is followed by translocation of particles 

to the vascular system and to possible interactions with endothelial cells 

and platelets. Therefore, the main objective of my PhD research was to 

investigate the pharmacological and toxicological effects of amorphous silica 

nanoparticles on platelet and endothelial cell function.

Experimental approach: Human umbilical vein endothelial primary cells 

(HUVEC primary cells) were exposed to 10-nm, 50-nm, 150-nm, and 500- 

nm amorphous silica nanoparticles. Nanoparticle-endothelial cell interaction 

was studied by both phase-contrast microscopy and transmission electron 

microscopy (TEM). Cytotoxicity induced by nanoparticles was measured 

using a standard LDH assay procedure. Free radical production stimulated 

by nanoparticles was detected by a flourometric assay and nitric oxide (NO) 

and peroxynitrite (ONOO') specifically quantified by nanosensors. Nuclear 

factor kB (NF-kB) activity was measured by enzyme-linked immunosorbent 

assay (ELISA). Pro-inflammatory responses to nanoparticles were examined 

by real-time qPCR and flow cytometry. In addition, human platelets were 

also exposed to amorphous silica nanoparticles and their interaction studied

iv



by TEM. Aggregation and platelet receptor expression as a response to 

nanoparticles were measured by aggregometry and flow cytometry.

Key results: I have demonstrated that synthetic amorphous silica 

nanoparticles (10 nm) are up-taken by HUVEC primary cells and localized 

mainly in vesicles in the endothelial cytoplasm. Moreover, 10-nm silica 

nanoparticles are cytotoxic for endothelial cells. The mechanism of this 

cytotoxicity may be related to high nitrosative stress as shown by massive 

production of ONOO'. This appears to severely damage cells and trigger off 

the induction of NF-kB activity in those which survive. The increased activity 

of this transcription factor is associated with the inflammatory and 

coagulation responses as evidenced by up-regulation of intercellular 

adhesion molecule I (IC AM l), vascular cell adhesion molecule I (VCAMl), 

selectin E (SELE), matrix metalloproteinase 9 (MMP9), cyclooxygenase 2 

(C0X2), interleukin 6 (IL6), interleukin 8 (IL8), and tissue factor. Release of 

IL6 and IL8 from endothelial cells was also detected. In addition, I have 

shown that human platelets have the capacity to uptake silica nanoparticles 

leading to up-regulation of platelet receptors (G P IIb /IIIa  and selectin-P) and 

stimulation of platelet aggregation, an effect also associated with increased 

generation of ONOO'. All noxious effects of amorphous silica nanoparticles 

in both endothelial cells and platelets seemed to be nanoparticle-size 

dependent.

Conclusions and implications: The exposure of endothelial cells and 

platelets to amorphous silica nanoparticles results in endothelial 

inflammation and platelet aggregation. These effects may contribute to 

potential toxicological effects of engineered amorphous silica nanoparticles 

in the vascular system.
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INTRODUCTION

NANOTECHNOLOGY, NANOMEDICINE, AND NANOTOXICOLOGY

Nanotechnology [Greek vavoq (nanos) dwarf + Greek 

TExvoAoyia (tekhnologia) systematic treatm ent] is defined by the 

United States of America (USA) National Nanotechnology Initiative 

(NNI)  ̂ as 'the understanding and control of matter at dimensions 

between approximately 1 and 100 nanometres (nm), where unique 

phenomena enable novel applications'. A similar definition is given by 

the Community Research and Development Information Service 

(CORDIS) of the European Union (EU) which defines

nanotechnology as 'the study of phenomena and fine-tuning of 

materials at atomic, molecular, and macromolecular scales, where 

properties differ significantly from those at a larger scale'. 

Nanotechnology is a scientific field encompassing many scientific 

disciplines such as chemistry, physics, engineering, and life sciences.

It is mostly accepted that the recent history of nanotechnology 

began with the speech 'There's Plenty of Room at the Bottom' 

delivered by the American physicist Richard Phillips Feynman (Figure 

1) in the California Institute of Technology (USA), on December 29*̂ *̂ , 

1959. In his talk. Professor Feynman, who received the Nobel Prize in 

Physics in 1965, recognized the great importance of miniaturization 

and strongly pointed out the need to explore 'the world at the 

bottom'. This beginning is not supported by everybody, as some
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people believe than Professor Feynman's speech arose little 

enthusiasm as presented, and only became famous in the 1990s, 

when Kim Eric Drexler unearthed it to give credence to his own ideas 

Anyway, the idea of exploration of 'the world at the bottom ' was 

under way.

Figure 1 | History of nanotechnology. Upper line, from left to 
right: Richard Phillips Feynman, born: 1918 (USA) -  died: 1988; 
Gordon Earle Moore, born: 1929 (USA); Norio Taniguchi, born: 1912 
(Japan) -  died: 1999; Gerd Binnig, born: 1947 (Germany); Heinrich 
Rohrer, born: 1933 (Switzerland). Lower line, from left to right: 
Calvin F. Quate, born: 1923 (USA); Christoph Gerber (Switzerland); 
Kim Eric Drexler, born: 1955 (USA).

Miniaturization was seen as the future of computing engineering 

by Gordon Earle Moore (Figure 1), the co-founder of Intel 

Corporation. He observed that silicon chips (also known as integrated 

circuits, IC, or microchips) were undergoing a continual process of 

scaling downward, and made the prediction that 'the number of
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transistors, and hence the processing power, that can be built onto a 

single silicon chip of a given area would double every 18 months for 

the next 10 years'. This prediction, which later was known as (Moore's 

law, was published on April 19’̂ '̂ , 1965 (Moore's law has continued 

far past the predicted 10 years, going from ju s t over 2,250 

transistors, and millimetres in size, in the original Intel 4004 (1971), 

which is considered the first microprocessor, to over 700,000,000 

transistors, and 45 -  65 nm in size, in the Intel Core 2 (2006)

The term nanotechnology was first coined by Professor Norio 

Taniguchi (Figure 1) in his article 'On the Basic Concept of 'Nano- 

Technology'' (1974) He wrote: ''Nano-technology' mainly consists 

of the processing of separation, consolidation, and deformation of 

materials by one atom or one molecule'. This initial concept of 

nanotechnology has suffered profound modifications until its current 

definition

One of the most important boost for the development of 

nanotechnology was the invention of the atomic force microscope by 

Gerd Binnig, Calvin F. Quate and Christoph Gerber (1986) ® (Figure 

1). This type of microscopy enables the detection of atomic scale 

topographical features (from angstroms (A) to 100 pm) on a wide 

range of insulating surfaces that include ceramic materials, biological 

samples, and polymers. This form of scanning probe microscopy, is 

an improvement of the original scanning tunneling microscope 

which was first designed in 1982 by Gerd Binnig and Heinrich Rohrer
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(Figure 1), who received the Nobel Prize in Physics in 1986 for its 

development.

The idea of nanotechnology was explored deeply by the 

American engineer Kim Eric Drexler (Figure 1), who promoted the 

technological significance of nano-scale phenomena and devices 

through several speeches and two books 'Engines of Creation; The 

Coming Era of Nanotechnology' (1986) and 'Nanosystems: 

Molecular Machinery, Manufacturing, and Computation' (1992) 

Afterwards, nanotechnology acquired its current sense.

In 2001, President William Jefferson 'B ill' Clinton's 

administration (USA) raised nanotechnology to the level of a federal 

initiative. Today, the NNI, which gathers 25 nanotechnology-related 

federal agencies, has got a range of research, regulatory roles and 

responsibilities in nanotechnology. The proposed NNI budget for the 

fiscal year 2011 of $1.76 billion will bring the cumulative investment 

of the USA government in nanotechnology since 2001 to nearly $14 

billion ^

In 2004, the EU proposed an integrated and responsible 

nanotechnology strategy for Europe. An action plan on nanoscience 

and nanotechnology was adopted in 2005. The budget of the EU for 

nanotechnology under the seventh framework programme (FP7) for 

research and technological development, running from 2007 to 2013, 

is €3.5 billion
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In 2006, it was projected that nanotechnology worldwide would 

become a $1 trillion market by 2015

A dynamic growth of nanotechnology and development of 

nanoparticles promise substantial societal benefits that may have a 

global economical and medical impact. Medicine may be a major 

beneficiary of nanotechnology, and nanomedicine (applications of 

nanotechnology in medicine) has become a very fast-growing and 

promising medical discipline. In its flagship document'Nanomedicine: 

Nanotechnology for Health' (2006) the EU envisages and 

encourages the development of nanomedicine particularly in the 

areas of diagnostics and imaging, targeted drug delivery systems 

(nanopharmacology and nanopharmaceutics) and regenerative 

medicine. To achieve these aims, nanotechnology strives to develop 

and combine new materials by precisely engineered atoms and 

molecules to yield new molecular assemblies on the scale of 

individual cells, organelles, or even smaller components, providing a 

personalized medicine Personalized medicine is individualized or 

individual-based therapy, which allows the prescription of precise 

treatments best suited for a single patient However, like most new 

technologies, including all nascent medicine and medical devices, 

there is a rising debate concerning the possible side effects derived 

from the use of particles at the nano-level.

The rapidly growing field studying the noxious consequences of 

the life matter-nanoparticle interaction is called nanotoxicology
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[Greek vavoc; (nanos) dwarf +  Greek To^iKdq (toxicos) poisonous +  

Greek Adyoq (logos) reason]. Studies on toxicity of nanoparticles 

began as soon as a part of the scientific community realized the 

potential negative issues that the full introduction of nanoparticles in 

a daily bases, without precisely understanding their behaviour, might 

have for the health and the environment. Nanotoxicology is becoming 

increasingly important as nanotechnology is already applied in many 

disciplines and used in many applications; and consequently, 

exposure of humans and the environment to nanoparticles is a real 

issue. Moreover, nano-size allows nanoparticles potentially to reach 

any cell in the body. Furthermore, the same characteristics, which 

make nanoparticles desirable for their use in nanotechnology 

applications, also make them very reactive in the biological 

environment. However, consequences derived from live m atter- 

nanoparticle interactions are not fully understood. All these concerns 

have led to general scientific thinking that nanoparticle use, as well 

as the applicability of nanotechnology, may ultimately be limited due 

to toxicity concerns

EXPOSURE OF HUMANS TO NANOPARTICLES

Humans have been exposed to nanoparticles throughout their 

evolution process. However, this exposure has been increased to a 

significant extent in the past two centuries because of the industrial 

revolution.
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Nanoparticles may be formed in many natural processes such 

as volcanic emissions, sea spray and erosion (nano-objects), and/or 

as by-products of combustion, industrial manufacturing, construction 

and demolition activities, farming, and other human activities 

(incidental nanoparticles), and/or they are purposefully 

manufactured with nano-dimensions (engineered nanoparticles). 

Using the classical nanotechnology definition, engineered 

nanoparticles are such categorized, when at least one of their 

dimensions is between 1 and 100 nm. However, from the 

pharmaceutical point of view, particles are categorized as 

nanoparticles when at least one of their dimensions is less than 1000 

nm. Nanoparticles have specific physicochemical properties different 

to bulk materials of the same composition and such properties make 

them very attractive for commercial and medical development

Today, exposure of the human population to engineered 

nanoparticles may occur during production, storage, transportation, 

and consumer use As nanotechnology is already being applied in 

aerospace, computing, robotic, and electronics, the release of high 

amounts of nanoparticles in an enclosed environment may be of great 

concern for workers Engineered nanoparticles are already added 

to medicines, food, and cosmetics to improve their properties and 

they are being developed to be used as drug delivery systems and 

other medicine-related uses. Therefore, humans are exposed to
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nanoparticles via inhalation, ingestion or skin application. This 

exposure may be unintended or purposeful.

INHALATION: The exposure of humans to pollutants via 

inhalation has been studied for years. Today, inhalation is the most 

studied route of entry of nanoparticles in the human body. 

Nanoparticles, including engineered nanoparticles, constitute a part of 

ambient airborne particulate matter (PM), which along with carbon 

monoxide, oxides of nitrogen, sulphates, sulphur dioxide, and lead 

are notably important environmental air pollutants. Humans, 

especially those inhabiting metropolitan and industrial areas, are 

exposed to them on a daily bases.

Ambient airborne PM, with a mass median aerodynamic 

diameter (MMAD) of less than 10 pm (P M io ) ,  can be classified into 3 

categories: coarse particles (CPs), with a MMAD between 2.5 and 

10 pm; fine particles (FPs), < 2.5 pm (PM2 .5 ) in MMAD; and ultra- 

fine particles (UFPs), < 0.1pm (PMo. i )  in MMAD (Figure 2). 

Airborne PMio is also known as 'thoracic particles' because of the 

ability of these particles to deposit in the thoracic region of the 

respiratory system. In contrast, larger particles demonstrate a 

greater fractional deposition in the extrathoracic and upper 

tracheobronchial regions On the other hand, FPs are capable to 

deposit deep in the lung and reach extrapulmonary tissues. It 

has been stated that a typical urban atmosphere can contain in the
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region of 10^ particles per cm^ of air and that these particles in turn 

are less than 300 nm in MMAD

0.05 pm ■ 0.5 pm  ■ ^  * 50 pm

0.1 p m  1 p m  10 p m

 ̂ i I
(FI’s) UFFs <0 .1 )1111) FFs (2.5|l>n) CFs ( lO iim )

Figure 2 | Particle size on the ruler. The size ranges of the three 
categories of thoracic particles (UFPs, FPs, CPs) are compared with 
the sizes of well-known molecules, macromolecules, viruses, 
microorganisms, and organisms: a, water molecule ( «  3 A in 
diameter); b, haemoglobin A («  6 nm in diameter); c, rabies virus (« 
0.18 X 0.075 |jm ); d, Escherichia coli 0.5 x 2 pm); e, endothelial 
cells (r5 8 -  12 [jm ); f, Dermatophagoides pteronyssinus (house dust 
mite; « 420 pm long); and g, ant («  2 -  25 mm long).

The respiratory risks associated with severe air pollution 

exposure have long been known. Examples of effects of extreme 

exposure of the human population to ambient airborne PM are 

provided by the smog episodes in Meuse Valley, Belgium (1930) 

Donora, Pennsylvania, USA (1948) London, UK (1952) and 

Wold Trade Centre, New York, USA (2001) Especially in the last 

decade, there have been growing epidemiological, toxicological and 

clinical evidences that the exposure of the human population to fine
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and ultra-fine particulate matter air pollution is a risk factor for the 

development of cardiac arrhythmia and arrest; as well as, for 

ischemic and thrombotic cardiovascular events, via exacerbation of 

atherosclerotic disease leading to myocardial infarction 

Particulate matter exposure exacerbates cardiovascular diseases, as 

demonstrated by Mills, N.L. et al. (2007) In this study men, with 

stable coronary heart disease, were briefly exposed to diesel-exhaust 

particulate matter and an increased myocardial ischemia and 

impaired endogenous fibrinolytic capacity was observed. 

Interestingly, changes in the concentration of FPs in the respirable air 

affect life expectancy as shown by Pope, C.A. et al (2009) This 

epidemiological study showed that a lO-pg/m^ reduction in the 

concentration of fine particulate matter in the respirable air was 

associated with an increased expectancy of 0.77 years. These results 

are in agreement with previous studies in other countries,

showing that a 10-jjg/m^ increase in FP concentration in the 

respirable air reduces life expectancy between approximately 0.80 

and 1.37 years.

It  is important to note that there is a great variability in the 

chemical composition of fine and ultra-fine particles in the air in both 

space and time, which is breathed daily by modern populations. 

Particles derived from combustion sources such as motor vehicles, 

e.g. carbon particles, will be in higher proportion in urban areas;
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while, this ratio may change in rural or industrial areas. Therefore, it 

is crucial to l<now how different classes of particles affect humans.

INGESTION AND SKIN APPLICATION: Although,

nanoparticles are being introduced in the food chain and added to 

cosmetics, very little is l<nown on the exposure of humans to 

nanoparticles via ingestion and skin application. In 2008, a report by 

the Food Safety Authority of Ireland Scientific Committee 

concluded tha t nanomaterials are present in foods which are currently 

available on the market, mostly through internet trading. Main forms 

are inorganic nanoparticles (e.g. silica) to improve the properties of 

the final product and simple nanoscale encapsulated functional 

ingredients. Also, titanium dioxide and silica, but not carbon 

nanotubes, are used in packaging and may potentially migrate into 

food.

In 2008, other report (translated to English in 2009) this 

time by the Dutch National Institu te for Public Health and the 

Environment reviewed the risks of use of engineered nanoparticles in 

medical applications and food production. As a specific nanoparticle 

may be hazardous, but if the level of exposure is very small, the 

ultimate risk will always be lim ited, they proposed tha t 'RISK = 

EXPOSURE x TOXICITY', where a number of factors determined both 

exposure (e.g. physicochemical properties and likelihood of contact) 

and toxicity (e.g. behaviour in the cellular environment and ability to
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pass through certain physiological barriers). They also concluded that 

nanotechnology and nanoparticles, especially those which are tried to 

be applied in life sciences, were still largely in development; and in 

general, not yet applied on large scale, with the exception of carbon 

black, titanium  dioxide and silica.

OVERVIEW OF DIFFERENT CLASSES OF NANOPARTICLES

Liposomes are nanoparticles comprising lipid bilayer 

membranes surrounding an aqueous interior (Figure 3). The 

amphiphilic molecules used for the preparation of these compounds 

are sim ilar to biological membranes and have been used for 

improving the efficacy and safety of different drugs Usually, 

liposomes are classified into three categories on the basis of the ir size 

and lamellarity (number of bilayers); small unilamellar vesicles or 

oligolamellar, large unilamellar vesicles and multilamellar vesicles. 

The active compound can be located either in the aqueous spaces, if 

it is water-soluble, or in the lipid membrane, if it is lipid-soluble. 

Recently, a new generation of liposomes called 'stealth liposomes' 

have been developed. Stealth liposomes have the ability to evade the 

interception by the immune systems, and therefore, have longer half- 

life ^2.

Emulsions comprise oil-in-water type mixtures that are 

stabilized with surfactants to maintain the ir size and shape. The 

lipophilic material can be dissolved in a water organic solvent that is
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emulsified in an aqueous phase. Like liposomes, emulsions have been 

used for improving the efficacy and safety of diverse compounds

Polymers such as polysaccharide chitosan nanoparticles 

(Figure 3) have been used for some time now as drug delivery 

systems Recently, water-soluble polymer hybrid constructs have 

been developed. These are polymer-protein conjugates or polymer- 

drug conjugates. Polymer conjugation to proteins reduces 

immunogenicity, prolongs plasma half-life and enhances protein 

stability. Polymer-drug conjugation promotes tumour targeting 

through the enhanced permeability and retention effect and, at the 

cellular level following endocytic capture, allows lysosomotropic drug 

delivery

Ceramic nanoparticles (Figure 3) are porous and non- 

porous potential biocompatible particles, such as silica, titania and 

alumina, that can be used in many applications in the nanotechnology 

field. Inorganic systems with porous characteristics have recently 

emerged as drug vehicles However, one of the main concerns is 

that these particles are non-biodegradable, as they can accumulate in 

the body, thus causing undesirable effects.

Metallic particles such as iron oxide nanoparticles (15 to 60 

nm) generally comprise a class of superparamagnetic agents that can 

be coated with dextran, phospholipids, or other compounds to inhibit 

aggregation and enhance stability. The particles are used as passive 

or active targeting agents
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Gold shell nanoparticles, other metal-based agents, are a 

novel category of spherical nanoparticles consisting of a dielectric 

core covered by a thin metallic shell, which is typically gold (Figure 

3). These particles possess highly favourable optical and chemical 

properties for biomedical imaging and therapeutic applications

Carbon nanomaterials include fullerenes and nanotubes 

(Figure 3). Fullerenes are novel carbon allotrope with a polygonal 

structure made up exclusively by 60 carbon atoms. These 

nanoparticles have numerous points of attachment whose surfaces 

also can be functionalized for tissue binding Nanotubes have been 

one of the most extensively used types of nanoparticles because of 

their high electrical conductivity and excellent strength. Carbon 

nanotubes can be structurally visualised as a single sheet of graphite 

rolled to form a seamless cylinder. There are two classes of carbon 

nanotubes: single-walled (SWCNT) and multi-walled (MWCNT).

MWCNT are larger and consist of many single-walled tubes stacked 

one inside the other. Functionalised carbon nanotubes are emerging 

as novel components in nano-formulations for the delivery of 

therapeutic molecules

Quantum dots are nanoparticles made of semiconductor 

materials with fluorescent properties. Crucial for biological 

applications quantum dots must be covered with other materials 

allowing dispersion and preventing leaking of the toxic heavy metals 

(Figure 3).
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Figure 3 | Types of nanoparticles witKi applications in
nanotechnology. Amphiphilic phospholipids (a) are used to 
synthesise liposomes (b) and polymers such as chitosan (i.e. chains 
of 6 (l-4 )-linked  D-glucosamine and N-acetyl-D-glucosamine) (c) are 
used to make biodegradable porous nanoparticles (d). These and 
other classes of nanoparticles such as non-porous (e) and 
mesoporous porous (f) silica nanoparticles (ceramic nanoparticles), 
single- (g l )  and multi-walled (g2) carbon nanotubes quantum dot 
(red) encapsulated in a gold shell (h), and a fullerene (i) are 
important for nanotechnology applications.

SILICA

'Silica' is used as a short convenient designation for 'silicon 

dioxide' (also known as silicon (IV) oxide; chemical formula: Si02) 

in all its crystalline and amorphous forms. As deduced from its 

chemical formula, silica is formed by the metalloid or semimetal 

element silicon (Si) and the non-metal element oxygen (O). Silicon is 

the second most abundant component of the Earth's crust after 

oxygen, basically because it is in the composition of silica, which in



turn is by far the most abundant component. Silicon is essential for 

computing, electronic and hi-tech manufacturing. Pure silicon is 

employed to produce silicon wafers, doped with other elements such 

as boron and phosphorus, which are the base for transistor, 

integrated circuit, and microprocessor manufacturing. Pure silicon 

crystals are very rarely found in nature. Consequently, silicon used in 

industrial applications is obtained from high-purity silica. This fact 

makes silica highly appreciated and used in technology 

manufacturing. Silicon is produced in two grades of purity: ultra-pure 

silicon (> 99.9% ) and highly purified or metallurgical grade silicon 

(> 98%)

Silicon normally occurs in various forms of silicon dioxide. Silica 

may have a crystalline or a non-crystalline (amorphous) structure. 

Crystalline silica may be found naturally in more than one form, 

depending of the orientation of its basic structural unit silicon 

tetrahedron (Si0 4 ) (Figure 4), which gives them specific crystal 

parameters. In crystalline silica, each silicon atom, within each 

tetrahedron, shares electrons with four oxygen atoms forming single 

covalent bonds; each oxygen atom is common to two tetrahedra, and 

the overall chemical formula is Si0 2 .
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Figure 4 | Ball-and-stick model of silicon tetrahedron.
Schematic representation of the silicon tetrahedron, which is 
characteristic of the silica crystalline structure.

By far the commonest crystalline silica form found in nature is 

quartz (Figure 5), which is the main constituent of common sand. 

Others naturally found forms are for example tridymite and 

cristobalite. Moreover, there are polymorphic forms of quartz, 

tridymite, and cristobalite, which are transformed spontaneously with 

temperature. Keatite, coesite, and stishovite are more crystalline 

silica forms, created under conditions of high temperature and 

pressure Silicon tetrahedron is also present in silicates minerals 

(e.g. olivine, micas minerals, clay, talc, feldspars), which are formed 

when elements such as sodium, potassium, calcium, magnesium, 

iron, and aluminium are substituted into the crystalline silica matrix.

The silicon tetrahedral unit, characteristic of crystalline silica, is 

not present in amorphous silica. Amorphous silica has also an 

overall chemical formula Si02; but its silicon and oxygen atoms are 

randomly linked, forming non-repeating patterns and therefore non

crystalline structure (Figure 5).
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Figure 5 | Ball-and-stick representation comparing the
crystalline and amorphous silica structure. Silicon tetrahedra, 
which are present in the crystalline silica structure, are not observed 
in the amorphous structure; this is crucial for their different structural 
characteristics.

Amorphous silica is naturally present in diatomite (also known 

as diatomaceous earth or kieselgur), a sedimentary rock composed of 

frustules (diatom cell walls); in turn, made of silica. It  is also present 

in minerals such as flint and opal.

Synthetic (man-made) amorphous silica particles may be 

broadly divided into three types

a. Vitreous silica (also known as fused silica glass), 

made by fusing quartz.

b. Silica M, which is an amorphous silica formed when 

either amorphous or crystalline silica are irradiated with 

high speed neutrons.

c. Microamorphous silica, which includes sols, gels, 

powders, and porous glasses, which generally consists of 

ultimate particles less than a micron in size or have a 

specific surface area greater than about 3 m^ g '^  Silica 

sol may refer broadly either to polysilicic acid (oligomers)
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or colloidal silica. The term 'colloidal silica' refers to 

stable dispersions, or sols, of discrete amorphous silica 

particles. By arbitrary definition, the term excludes 

solutions of polysilicic acid in which the polymer 

molecules or particles are so small (smaller than 1 - 2  

nm) that they are not stable.

Basically, colloidal particles are an intrinsic part of 

systems in which finely m atter (particles) is dispersed in 

a liquid or gas. Their size usually ranges from 1 nm to 

several tens of micrometres, thus covering a broad size 

domain

IMicroamorphous silica may be divided into three types

i. Microscopic sheets, ribbons, and fibre-like  

form s obtained by special processes.

ii. Common amorphous form s consist of ultimate

spherical particles of SiOz less than 1 pm in

diameter, the surface of which consists of 

anhydrous Si02 or SiOH groups (surface-hydrated 

silica). The term 'silanol' is used for any OH group 

attached to silicon (Si-OH) on the particle surface.

iii. Highly hydrated amorphous silica in which

most, if not all, of the silicon atoms each retains 

one or more hydroxyl group (OH) in the silica

structure. This type, which is generally stable up to
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60°C, seems to differ in solubility from the 

anhydrous or only surface-hydrated amorphous 

silica forms.

Two broad classes of common amorphous forms exist^®:

a. Anhydrous am orphous silica particles (e.g. 'pyrogenic' 

or 'fumed' silicas) are formed at very high temperature 

and recovered from the gas phase as voluminous, 

extremely finely divided powders. When water vapour is 

present in the surface of these particles, their surfaces 

may be partly hydrated as SiOH groups. For fumed silica, 

the fraction of the surface silicon atoms that bear the OH 

groups falls between 0.25 and 0.5 (every second or third 

atom) (Figure 6). These particles are made in one of 

the following ways:

i. Vaporizing silicon dioxide in an arc or plasma jet

and condensing it in a stream of dry inert gas.

ii. Oxidizing the more volatile silicon monoxide in the 

vapour phase with air and condensing the Si0 2 .

iii. Oxidizing silicon compounds (e.g. SiH4 , SiCU,

HSiCb) in the vapour state with dry oxygen or a

hydrocarbon flame.

The so-called Aerosil particles are made by condensation 

of silica from the vapour phase at elevated temperature.
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b. Surface-hydroxylated amorphous silica particles are 

nucleated and grown from aqueous solution 

supersaturated with monosilicic acid (also known as 

orthosilicic acid; chemical formula: Si(0H)4). If the 

concentration of Si(0H)4 exceeds about 2 x 10'^ M, 

condensation to polysilicic acids ('active' silica) occurs 

and colloidal particles are formed. This form of silica 

presents fully hydroxylated surfaces (Figure 6).

Figure 6 | Amorphous silica particles with hydroxylated 
surfaces. Representative surfaces of fumed (a) and surface- 
hydroxylated (b) of amorphous silica particles. Distribution of silicon 
and oxygen atoms into the amorphous structure of these particles is 
represented in figure 5.

The very weak monosilicic acid, which exists only in 

dilute aqueous solution, has never been isolated, since it 

polymerizes when it is concentrated. However, it can be 

prepared by dissolving amorphous or crystalline silica in 

acid, hydrolysing monomeric silicon compounds, and 

dissolving silicates in acid.
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In summary, non-porous precipitated silica particles are 

synthesized by acidifying amorphous of crystalline silica. 

In nearly all commercial processes, sulfuric acid is used 

as the acid source. Under standard conditions, silica 

solution and the acid are fed simultaneously in a stirred 

vessel containing water. This is followed by precipitation, 

which is performed under alkaline conditions. The choice 

of agitation during precipitation, the addition rate of 

reactants, the tem perature and the pH can vary the 

properties of the silica. In the next stage, the 

precipitated silica slurry is washed to remove soluble 

salts and other contaminants. The resultant filter cake is 

then dried commonly by spray drying and rotary drying. 

The dried silica is now subject to milling and classifying 

steps to obtain a specific particle size distribution. 

Precipitated amorphous silica particles may 

commercialize as dried powders or in watery 

suspensions.

Except for fused silica glass, the common forms of amorphous 

silica consist of extrem ely small particles of amorphous silicon 

dioxide, the surface of which is partly or totally hydrated as OH 

groups; the presence of which increase particle solubility.

Primary amorphous silica particles obtained are generally non- 

porous if formed or grown in alkaline solution and especially if formed
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at elevated temperature, either above 60°C in aqueous solution or 

condensing from the gas phase at very high temperature.

Once synthesized, particles are quantified and characterized. It 

is important to note that any particle submerged in water has a 

hydration layer surrounding its surface. On the other hand, a particle 

submerged in a protein solution present a 'protein corona', 

constituted by proteins around its surface (Figure 7). These layers 

hydrodynamically move with the particle and are responsible for 

some effects observed in particle behaviour (e,g. aggregation). They 

must be taken into account when particles are characterized, for 

instance when particles properties (e.g. size) are measured by certain 

techniques (e.g. zetasizer).

Hvdratioii laver
Protciii corona

Figure 7 | Hydration layer and protein corona on the surface of 
particles submerged in water or a protein solution 
respectively. This figure shows a representative hydration layer (a) 
and protein corona (b) surrounding the surface of surface- 
hydroxylated amorphous silica particles.
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PROPERTIES OF AMORPHOUS S ILICA NANOPARTICLES:

Amorphous silica nanoparticles, especially those with dimensions 

between 1 to 100 nm, show high surface-area-to-volume ratio, large 

negative surface charge under both neutral and basic conditions, 

relatively high solubility in water, silanol surface groups (if it is not 

modified), and very small ultimate particle size. They also have a 

relatively low cost of preparation. All these striking characteristics 

make them very attractive to be used in many industries, such as 

computing, pharmaceutical, and food; and are available for various 

applications such as cellophane film , paper, textiles, tyres, footwear, 

printing ink, grass fibre, paints, cosmetics (beauty cream and 

sunscreen), condoms, batteries, toothpaste, desiccant, glass-ceramic 

hobs, and polishing. Modification of final surface characteristics and 

other physicochemical properties allow the use of synthetic 

amorphous silica nanoparticles in even a larger range of applications.

EYJAFJALLAJOKULL VOLCANIC SYSTEM: A recent case of 

high exposure to natural amorphous silica particles (including 

nanoparticles) is provided by the eruptions of the Eyjafjoll volcano. In 

nature, amorphous silica nanoparticles can either been condensing 

from the vapour phase ejected in volcanic eruptions or deposited 

from supersaturated solution in natural waters or living organisms 

In the late evening of March 20^^, 2010, a volcanic eruption occurred 

in southern Iceland at the Eyjafjallajokull volcanic system (also

24



known as Eyjafjoll volcano; Global Volcanism Program Volcano 

number 1702-02=). The volcanic ash cloud, produced as 

consequence of this volcano activation, caused the biggest 

disruptions and economical lost in European aerospace history. This 

cloud also meant important health concerns derived from the 

exposure of humans (especially Icelandic people) to the ash 

particulate component. On April 16*̂ '̂ , 2010, the World Health 

Organization (WHO) Regional Office for Europe stated that 'the 

volcanic PMio, which constitutes about 25% of the volcanic ash, could 

be expected to have health effects, which are likely to be minimal, if 

ash reaches ground level from the upper atmosphere; people with 

chronic respiratory conditions such as asthma, emphysema or 

bronchitis may be more susceptible to irritation '. Chemical studies of 

the volcano by the Icelandic Institute of Earth Sciences showed that 

silica was present in high proportion in volcanic ash, scoria, and 

rocks; as well as in lava. Therefore, it is most likely that the ambient 

airborne was enriched in amorphous silica particles after this volcanic 

eruption.

LEGISLATION ON AMORPHOUS SILICA; There is not an 

international legislation regulating exposure of humans to amorphous 

silica particles. However, due to its potential to cause health effects, a 

number of guidelines were established for the various forms of 

amorphous silica by various United States (US) agencies. The
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American Conference of Governmental Industrial Hygienists (1993) 

imposed a threshold lim it value (TLV) of 10 mg/m^ fo r a tim e- 

weighted average (TWA) of 8 hours (as total dust containing <1%  

crystalline silica) for precipitated and gel amorphous silica. So did a 

TLV of 0.1 mg/m^ (as respirable free silica) and 2 mg/m^ for 8-h TWA 

respectively for fused and fumed amorphous silica.

A report (1996) by the US-Environmental Protection Agency 

(EPA) on 'Ambient Level and Non-cancer Health Effects of Inhaled 

Crystalline and Amorphous Silica' concluded that no data on ambient 

air concentrations of amorphous silica were available, principally 

because methods of measurement used were not designed to deal 

with the large amounts of non-silica particles in ambient air. This 

report, along with another one by Merget et al. (2002) also 

reported that few experimental toxicological studies were available to 

ensure whether amorphous silica was or was not toxic to human.

In 2004, the United Nation's Organization for Economic Co

operation and Development released the 'Screening Information Data 

Set for synthetic amorphous silica', and concluded that it had a low 

priority for further study. On the basis of this report, the US-EPA 

(2004) assumed that synthetic amorphous silica was not toxic. 

However, very soon this view was challenged with a number of 

contributions showing tha t synthetic amorphous silica nanoparticles 

exert noxious cardiopulmonary effects
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Humans are likely to be exposed to amorphous silica 

nanoparticles at least in close environments due to their high 

worldwide production volume and uses. {Moreover, it is known that 

FPs show a great deposition in the deep lung and reach 

extrapulmonary tissues. Furthermore endothelium, blood, and other 

elements of the cardiovascular system have been shown to be 

targeted by nanoparticles

ENDOTHELIUM

The endothelium  (Greek evdov (endo) within + Greek thele 

nipple) is a simple squamous epithelium lining the interior surface of 

blood vessels. In an adult human being, approximately 10,000 billion 

endothelial cells constitute the endothelial tissue, which covers a 

surface area between 1 and 7 m^, and weighs approximately 1 

kilogram Endothelial cells comprise a continuous, but in some 

capillary vessels, layer of cells that is in direct contact with the blood 

components. Blood circulates into the human body through a network 

of different types of blood vessels (arteries, arterioles, capillaries, 

venules, and veins). Each blood vessel type has a specific vessel wall 

structure; but, the innermost layer of all of them is formed by a 

monolayer of endothelial cells. Arteries and veins are constituted by 3 

morphologically distinct layers or 'tunicas': intima, media, and 

adventitia (Figure 8).
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artery

Figure 8 | Structure of a normal large vein and artery .
Endothelium is in direct contact with blood components, followed by 
three layers that form the vessel wall (tunica intima, media, and 
adventitia). EC, endothelial cell; i, tunica intima; m, tunica media; a, 
tunica adventitia; L, blood vessel lumen. Adapted from Gray's 
Anatomy of the Human Body (1918).

The innermost layer, tunica intim a, is bounded by the 

endothelium, on the luminal side and the internal elastic lamina, a 

sheet of elastic fibres, on the peripheral side. The normal intima is a 

very thin region and consists of an extracellular connective tissue 

matrix, primary proteoglycans and collagen. Infoldings of this tunica 

form the vein valves, which are necessary to keep blood flowing 

towards the heart, sometimes against the force of gravity; these 

valves are not present in arteries. The muscular middle layer, the 

tunica media, consists of smooth muscle cells. Arteries, mainly near 

the heart, have to bear by far higher pressure than veins w ithout 

breaking apart; therefore, they pose a larger tunica media. The
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tunica adventitia, the outer layer, consists of connective tissue with 

interspersed fibroblasts and smooth muscle cells.

Endothelial cells play a vital role in physiology and 

pathophysiology of the cardiovascular system; they are involved in 

maintenance of blood fluidity, control of vessel wall permeability, 

regulation of platelet activation, vascular contractility, and 

inflammation

INFLAMMATION AND IMMUNITY

Inflam m ation is a response of the body against infectious 

microbes or injured tissues, which can be acute (over a period of 

hours) or chronic, and involves recruitment of immune cells.

The immune system recognizes and destroys infectious 

pathogens. Vertebrates have two types of immunity: innate and 

adaptive (also known as acquired).

INNATE IMMUNITY IN  BRIEF: Innate immune system is 

constituted by different types of cells: macrophages, dendritic cells, 

granulocytes (neutrophils, basophils, and eosynophils), natural 

killers, and mast cells; as well as, acellular elements: the 

complement system.

White and red cells differentiate from a common multi-potent 

haematopoietic stem cell progenitor in the bone marrow in a process 

called haematopoiesis (Figure 9).

29



o
Lymphoid
progenitor

T cells

B cells 9
Natural
Killers

Haematopoietic 
stem cell Platelets

Myeloid
progenitor

Megakaryocytes (S )  

Mast cells 

Erythrocytes

t Myeloblast 
progenitor

Monocytes 

Neutrophils 

Basophils 

Eosinophils

Macrophages

Figure 9 | Schematic representation of the haematopoiesis.
Multi-potent hematopoietic stem cells, in the bone marrow, divide 
and differentiate into a common lymphoid or myeloid progenitor, 
which in turn differentiate into white and red cells. Platelets are 
formed from megakaryocytes. In tissue, macrophages differentiate 
from circulating peripheral-blood mononuclear cells (monocytes). 
Adapted from Rosmarin, A.G. eta !  (2005)

Innate immunity is mediated by pattern-recognition receptors 

(PRRs) that bind to pathogen-associated molecular patterns (PAMPs), 

which are present on and are unique to both pathogenic and non- 

pathogenic microorganisms. Each PRR has broad specificities for 

PAPMs and is germ-line encoded The best characterized PRRs are 

Toll-like receptors (TLRs) An extracellular leucine-rich repeat 

domain and an intracellular To ll/IL l receptor domain characterize this 

family of receptors These PRRs recognize, among other

molecules, viral nucleic acids. Gram-negative cell wall component 

lipopolysaccharide (LPS), and Gram-positive cell wall component 

lipoteichoic acids. The first characterized mammalian TLR was TLR4,
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which associates with MD2 (lymphocyte antigen 96) and CD14 to 

form a high affinity receptor for LPS. Beforehand, LPS must bind to 

the serum protein LPS-binding protein, which functions by 

transferring LPS monomer to CD14 Other examples of PRRs are 

Dectin 1, which recognizes the fungal cell wall component (3-glucan, 

and the macrophage scavenger receptor (MSR), which recognizes 

LPS, double-stranded RNA, and oxidized lipoproteins; and is involved 

in atherosclerosis (Figure 10).

a

^  TLK4

^  Dectin 1 

y  MSR 

^  F cyR

Y  C3R

Figure 10 | Some important receptors of macrophages and 
dendritic cells. Pattern-recognition receptors (TLR4, TLR2, Dectin 
1, and MSR) and other receptors (Immunoglobulin G (Ig G) y 
receptor (FcyR); and C3a complement protein receptor, C3R) 
involved in responses of macrophages (a) and dendritic cells (b) to 
infection are shown.

Other cellular elements of the innate immune system such as 

natural killers are specialized in defence against intracellular 

pathogens, mainly viruses; while, eosinophils and basophils form a
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host-defence module involved in protection against multicellular 

parasites, such as helminths

I t  is important to note that pathogen discrimination by the 

innate immune system is not perfect and under certain conditions can 

result in development of autoimmune diseases

ADAPTATIVE IM M U N ITY  IN  BRIEF: Adaptive immune 

system, which is formed by T cells and B cells, is modulated by 

antigen receptors. Gene segments, encoding these receptors in the 

germ line, suffer a process of recombination-activating gene-protein- 

mediated somatic recombination, which enables the generation of a 

diverse repertoire of receptors with narrow specificities. Antigen 

receptors are clonally distributed on T and B lymphocytes allowing 

clonal selection of pathogen-specific receptors and is the basis for 

immunological memory

Conventional T cells, which have T-cell receptors (TCRs) 

constituted by a and 6 subunits, may divided into: T  helper (Th) cells, 

which are marked by the co-receptor CD4 on the cell surface (Figure 

11); and cytotoxic T (Tc) cells, which express CDS (Figure 12); 

therefore, Th cells are CD4'^CD8' and Tc cells are CD8"^CD4‘ . Tolerant 

naive T cells from the thymus may differentiate to ThI or Th2 

(Figure 11).
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Figure 11 | Differentiation of  naive T cells to ThI or T h 2 .  After a 
PAMP is sensed via PRRs by a professional antigen-presenting cells 
(APCs) (e.g. dendritic cells or macrophages),  it is internalized and 
processed. Some peptides from the pathogen are loaded on major 
histocompatibility complex (MHC) class II molecules and then 
expressed on the APC cell surface. Recognition by tolerant naive T 
cells, involving the TCR and CD4, induces differentiation to ThI or Th2 
depending of the protection needed.  Certain cytokines are also 
involved. More receptors of APCs and Th cells are involved in this 
differentiation. Adapted from Medzhitov, R. (2001)

ThI cells are involved in the protection against prokaryotic, viral 

and protozoan pathogens,  while Th2 cells are involved in protection 

against multicellular eukaryotic parasites, such as helminths. ThI cells 

synthesize IFN-y and tumour-necrosis factor a (TNF-c), which potent 

the action of macrophages and activate endothelial cells

Cytotoxic T cells are involved in the protection against viruses 

and other cytoplasmatic pathogens (Figure 12).
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Figure 12  | R ecognition  and d estru ction  o f  in fected  ce lls  by Tc 
ce lls .  Peptides from viruses or other  cytoplasmatic pathogens are 
presenting to Tc cells loaded on MHC class I molecules. These 
molecules are present in all nucleated cells of the human body. 
Recognition by Tc cells, involving TCR and CDS receptors, induces 
apoptosis of the infected cell. More receptors are involved in this 
process.

Antigen recognition by B cells, and their activation, happens in 

secondary lymphoid organs (lymph nodes and spleen) B cell 

activation leading to antibody secretion occurs when B cells recognize 

peptide antigens presented on MCH class II by professional APCs 

macrophages and dendritic cells. B cells also are activated by 

recognition of soluble antigens and by the complement system

INFLAMMATORY RESPONSE: In te rm s of inflammatory

response, recognition of invading pathogens and/or  altered host cells 

by components of the complement system initiate a proteolytic
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cascade leading to generation of pro-inflammatory fragments such as 

C3a and C5a; as well as, the opsonization of the invaders by other 

fragments such as C3b, C4b and C5b This leads to elim ination of 

the invader by cell lysis due to formation of membrane-attack 

complexes or phagocytosis (and elim ination); as well as, mast cell 

stimulation. Activation or degranulation of mast cells, which have an 

effective sentinel role in the tissue, leads to release of cytokines TNF- 

a and/or biogenic amine histamine (Figure 13).

Opsonized
pathogen

C3aR

Histamine 
TNFa 
IL6

TNFa
0 /  \  IL6

Degranulation

Activation

Mast cell

Figure 13 | Mast-cell responses. C3a and C5a (C3aR and C5aR 
respectively) as well as C3b and C4b (C3R and C4R respectively) bind 
the ir receptors on the surface of mast cells. This results in cell 
degranulation and release of cytokines and histamine. Degranulation 
is also produced by Fc-receptor-mediated activation. Cell activation, 
which leads to cytokine release rather than cell degranulation, is 
produced as mast cells sense pathogens via TLRs. Adapted from 
Marshall, J.S. (2004)
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Macrophages are present in virtually all tissues. They 

differentiate from monocytes, which migrate into tissue in the steady 

state or in response to inflammation Macrophages can sense 

pathogens via recognition of PAMPs by TLRs and/or other PRRs. This 

recognition induces macrophage activation leading to synthesis and 

release of TNF-o, interleukin-l(3 (IL-1(3), interleukin-8 (IL-8) and 

interleukin-6 (IL-6)

Histamine (from mast cells) and cytokines (from mast cells and 

macrophages) induce inflammatory responses in local endothelial 

cells, leading to leukocyte recruitment from the bloodstream to the 

site of infection to eliminate the stimulus, which triggered the 

inflammatory response. An inflammatory reaction (acute) is triggered 

when for instance histamine binds to the external domain of 

heterotrimeric G-protein-coupled receptors (GPCRs) histamine H I on 

local endothelial cells. This leads to a cascade of events that produces 

expression of selectin P (SELP), von Willebrand factor (vWF), and 

platelet-activating factor (PAF) on the endothelial surface membrane; 

as well as, release of nitric oxide (NO) and prostaglandin h  (PGI2 ; 

also known as prostacyclin) (Figure 14).
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Figure 14 | Involvem ent of GPCRs in acute inflammation.
Mechanistically, histamine-GPCR binding induces G-protein activation 
leading to a transient increase of cytoplasmic Ca"^  ̂ from the  
endoplasmic reticulum (ER). A series of enzymatic reactions, initiated 
by the Ca'^^-calmodulin and G-proteins, ultimately leads to fusion of 
Weibel-Palade bodies (WPBs) with the endothelial luminal 
m em brane. This fusion results in expression of SELP and vWF. The  
Ca'^^-calmodulin also activates nitric-oxide synthase 3 (N 0 S 3 )  which 
is the m ajor form in endothelial cells. The N 0S 3  is one of the three  
forms of nitric-oxide synthases in cells: endothelial (eNOS or N 0 S 3 ) ,  
inducible (INOS or N 0 S 2 ) ,  and neural (nNOS or N O S l) .  The nNOS 
and eNOS are constitutively expressed and activated by calcium. The  
INOS is calcium-independent and its synthesis is induced in 
endothelial cells during inflammation and other cell types by stimuli 
such as endotoxin and proinflammatory cytokines The eNOS, 
which localizes primarily in the Golgi complex and plasma m em brane  
caveolae, catalyzes NO synthesis from arginine (Arg). On the other  
hand, calcium-activated cellular phospholipase A2 (CPLA2 ) catalyzes  
the conversion of phosphatidylcholine (PC) into arachidonic acid and 
lysophosphatidylcholine (LPC). Then, the enzym e PAF acetylase  
catalyzes the conversion of LPC into PAF. Arachidonic acid, in a 
reaction catalyzes by cyclooxygenase 1 (C O X l;  also known as 
prostaglandin H (PGH) synthase 1 (P T G S l) ) ,  is converted into PGH2 . 
Finally, prostaglandin synthase transforms PGH2 into PGI2 . Adapted  
from Pober, J.S. & Sessa, W.C. (2 0 0 7 )
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Nitric oxide and PGI2 , winich are  potent vasodilators, 

synergistically relax the smooth muscle vascular tone which allows a 

larger amount of blood reach this area.  Histamine and IL8 attract  

neutrophils to the place of infection via chemotaxis. The combined 

display of SELP and PAF on the luminal endothelial mem brane  is 

involved in neutrophil tethering, rolling, and extravasation 

(diapedesis) into the infected tissue (Figure 15). IL-6 is also 

involved in the recruitment of leukocytes Signals by GPCRs last for 

10-20  minutes, after which the receptors become desensitized, 

preventing restimulation This is a quick response since it is 

independent of new gene expression.

Ncutophil
Tethering

SELP

Diapedesis
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membraneHistamine
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IL6 TNFa 

ILIB ^  IL6 
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Infection
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Figure 15 | Quick recruitment of neutrophils to  th e  s ite  of  
infection. Degranulation of mast  cells leads to release of histamine 
and cytokines (blue lines). Binding of histamine to GPCRs induces 
release of NO, PGI2 and vWF (red lines). SELP and PAF are 
expressed on the surface of endothelial cells leading to tethering, 
rolling, and extravasation of neutrophils from the bloodstream to the 
infectious tissue (green lines).
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The cytokines TNF-a and IL-1(3, released from cells such as 

macrophages and mast cells, bind to their receptors on the plasma 

membrane of local endothelial cells triggering gene expression- 

dependent responses, which are slower than those of histamine. 

However, these responses are more sustained and programmed to 

evolve over time. Via a complex molecular mechanism, which 

involves activation of the transcription factors nuclear factor kB (NF- 

kB) and activator protein 1 (AP-1), ligand-receptor binding leads to 

gene expression of several genes such as intercellular adhesion 

molecule 1 (IC AM l), vascular cell adhesion molecule 1 (VCAMl), 

selectin E (SELE), matrix metalloproteinase 9 (MMP9),

cyclooxygenase 2 (C0X2; also known as prostaglandin H synthase 2 

(PTGS2)), coagulation factor 3 (F3; also known as tissue factor), IL- 

6, and IL-8 (Figure 16).

TNFa-TNFRl

ILIK-ILIRI

(+)NF-kB
(+)AP1

ICAMl
VCAMl

SELE
MMP9
PTQS2

F3
IL6
ILS

Figure 16 | Invo lvem ent of transcription factors in acute 
inflam m ation. TNFa-TNFRl and IL1(3-IL1R binding produce, via NF- 
kB and AP-1 activation, transcription of several genes such as ICAM l, 
VCAMl, SELE, MMP9, PTGS2, F3, IL6, and ILS. Messenger RNA 
(mRNA), obtained as a result of the transcription, is translate to 
proteins in the ribosomes. Adapted from Pober, J.S. & Sessa, W.C. 
(2007)
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Expression of inflammatory mediators leads to an exacerbation 

of the acute inflammatory response initiated by histamine allowing 

the innate immunity to eliminate the triggering stimulus (Figure 17).

Neutophii

VCAMl ICAM l SELE

EDdotfadl um

TNFa
IL in

MMP9

Infection

Figure 17 | An interp lay of various factors to trigger o ff and 
sustain the inflam m atory reactions. TNFo and IL1|3, produce as a 
consequence of an infection, bind their receptors on the local 
endothelial cell surface (blue lines). Inflammatory mediators thus 
expressed (red lines) increase neutrophil recruitment to the site of 
infection (green lines).

I f  it is successful, acute inflammation is resolved, restoring 

normal tissue architecture or forming a connective tissue scar. I f  the 

stimulus is not eliminated (over a period of hours) the inflammatory 

process will persist and evolve and finally lead to chronic 

inflammation. T cells will in filtrate into the infected tissue to help 

eliminate the infectious microorganism. Concomitantly, the 

inflammatory stimulus changes from one sensed by PRRs of innate

40



immune cells to one recognized as an antigen by activating receptors 

on T and B cells of adaptive immunity.

All the events shown above underpinned the four cardinal signs 

of inflammation: rubor (redness), due to increased local blood flow; 

calor (warm th); tum or (swelling), due to extravasation of cells and 

plasma-protein-rich fluid; and dolor (pain), due to leukocyte mediator 

on C-type sensory nerve fibres

NUCLEAR FACTOR kB (N F -kB): The NF-kB belongs to the 

Rel/NF-KB family of transcription factors, which includes a collection 

of proteins related through a highly conserved DNA- 

binding/dimerization domain: the Rel homology (RH) domain 

Members of the mammalian Rel/NF-KB family are p50 (also known as 

NF-kBI), p52, c-Rel, p65 (also known as RelA) and RelB All these 

proteins can form homo- or heterodimers, except for RelB which can 

only form homodimes Typically, NF-kB is a heterodimer composed 

by p65 and p50 subunits. The mechanism of activation of NF-kB has 

been carefully studied (Figure 18). The NF-kB activation

underpins transcription of several genes involved in inflammation and 

coagulation to mRNA, among of which are ICAM l, VCAMl, SELE, 

MMP9, PTGS2, F3, IL6, and IL8 Transcription factor NF-kB activity 

appears to be oxidative-stress sensitive
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Figure 1 8  | The NF-kB a c t iv a t io n .  Inhibitor of NF-kB (IkB) 
normally binds to and  se q u e s te r s  NF-kB. This interaction blocks the  
ability of NF-kB to e n te r  the  nucleus and bind to DNA in kB sites . In 
the  simplest  model of NF-kB act ivation, inflammatory stimuli (e.g. 
TNFa and IL-16) act ivate  signal t ransduct ion  pa thw ays  th a t  induce 
the  activation of the  IKK (inhibitor of NF-kB kinase) complex (IKKc, 
IKKI3, and IKKy). This results  in th e  phosphorylation of IkB, following 
by ubiquitinization, and consequent ly  degradat ion  in the  p ro teasom e.  
Released NF-kB d imers  t rans locate  to the  nucleus and bind kB s i tes  in 
the  p rom oters  or e n h ance rs  of t a rg e t  g enes ,  which leads to their  
transcription.

INTERCELLULAR ADHESION MOLECULE I ( IC A M l):  This 

adhesion molecule belongs to th e  immunoglobulin (Ig) superfamily. 

Members  of this superfamily a re  character ized by the  p resence  of 

st ructural  motifs (Ig-like domains) ,  which in turn have  a distinguished 

immunoglobulin fold built up of a sandwich of two 13-sheets 

containing antiparallel s t rands .  Disulfide bonds links the  two (3-sheets 

however,  they  a re  not essentia l  for the  s t ruc ture  of the  domain
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The human ICAMl gene is located in the chromosome 19 

(1 9 p l3 .3 -p l3 .2 ). The receptor ICAM l, which is also known as CD54, 

P3.58, and BB2, is critical for the recruitment of leukocytes from the 

bloodstream into the tissues. Although constitutively expressed, 

interleukin 16 (IL-16) and tumour-necrosis factor a (TNF-a) greatly 

increase the ir expression on the plasma membrane of endothelial 

cells.

The type I transmembrane protein ICAM l, which is present in 

endothelial cells and leukocytes, has a molecular weight of 80-114 

kDa depending of its level of glycosylation (60 kDa unglycosylated). 

The human ICAMl is composed of a total of 505 amino acids. I t  has 

five Ig-like domains in its extracellular region (453 amino acids in 

total), each of which contains 90-100 amino acids consisting of two 

6-sheets of antiparallel strands. These five domains are stabilized by 

disulfide bonds and each of them is codified by a separate exon. The 

transmembrane region has 24 amino acids and the cytoplasmatic tail 

28 amino acids. Its main leukocyte ligand is lymphocyte function 

associated molecule l.The endothelial expression of ICAMl is 

increased in atherosclerotic and transplant-associated atherosclerotic 

tissue and in animal models of atherosclerosis. Additionally, ICAMl 

has been implicated in the progression of autoimmune diseases

VASCULAR CELL ADHESION MOLECULE I  (V C A M l);

Adhesion molecule VCAMl, which gene is located in the human
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chromosome 1 (Ip32-p31), is also known as CD106 and INCAM-100. 

I t  is a member of the Ig superfamily critical for the recruitment of 

leukocytes from the blood to the site of infection. Its main ligand is 

the 6-1 integrin very late antigen 4, which is present in mononuclear 

leukocytes, eosinophils, and basophils. In vivo, VCAMl is expressed 

in inflamed vascular endothelium, as well as in circulating monocytes 

and dendritic cells in both normal and inflamed tissue

The molecule ICAMl has seven extracellular Ig-like domains in 

its major form. Two forms of VCAI^l with either six or seven 

extracellular domains, although with the longer form predominant, 

are present in HUVEC cells via alternative splicing

SELECTINS: Type I transmembrane selectin E (in endothelial 

cells) is a member of the selectin fam ily along with selectin P (in 

endothelial cells and platelets) and selectin L (in leukocytes). The 

genes SELE and SELF are located in the human chromosome 1 

(Iq22-q25).

Member of the selectin family pose (from N- to C-term inal): (i) 

N-terminal extracellular domain, with structural homology to calcium- 

dependent lectins; (ii) a domain homologous to epidermal growth 

factor; (iii) two to nine consensus repeats, sim ilar to sequences found 

in complement regulatory proteins; (iv) a hydrophobic 

transmembrane region inserted in the plasma membrane; and (v) a 

short cytoplasmic tail Selectin P is synthesized and stored in WPBs
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along with vWF. This allows a quickly expression after the 

inflammatory response is triggered. Whereas, SELE expression on the 

endothelial surface membrane is slower since it must be synthesized 

de novo. Selectin P is also stored in a-granules of platelets and 

rapidly expressed after platelet activation.

MATRIX METALLOPROTEINASES (MMPs): Due to its

involvement in the extracellular matrix (ECM) breakdown, proteinase 

MMP9 (EC 3.4.24.25), which is also known as gelatinase B, belongs to 

a family of enzymes known as matrix metalloproteinases (MMPs) or 

matrixins. Members of this family are characterized by the presence 

of a cysteine (Cys, C) switch m otif PRCGXPD in the propeptide that 

maintains MMPs in the ir zymogen form, and/or the zinc-binding m otif 

HEXGHXXGXXH in the catalytic domain. Under physiological 

conditions, the activities of MMPs are precisely regulated at the level 

of transcription, activation of the precursor zymogens, interaction 

with specific ECM components, and inhibition by endogenous 

inhibitors (TIMPs). Members of this family are usually divided into 

subfamilies collagenases, gelatinases, stromelysins, matrilysins, 

membrane-type MMPs, and other MMPs. Proteinase MMP9, along with 

MMP2 (also known as gelatinase A), belong to the gelatinase 

subfamily, which is characterized by the ability of these enzymes to 

digest denatured collagens, gelatines. These enzymes have three 

repeats of a type I I  fibronectin domains inserted in the catalytic
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domain, wliich bind to gelatine, collagens, and laminin. Type I, II, 

and I I I  collagens are digested by MMP2, but not by MMP9. 92-kDa 

MMP9 readily digests the components of the ECM: collagen (type IV, 

V, XI, XIV), gelatin I, elastin, aggrecan, laminin, and decorin

The MMP9 gene is located in the human chromosome 20 

(2 0 q ll.2 -q l3 .1 ) .  Apart for being crucial for the physiological ECM 

turm oil, ECM digestion, performed by MMP9, allows the 

accommodation of leukocytes after diapedesis.

PROSTAGLANDIN H SYNTHASES (PTG S) OR 

CYCLOOXIGENATES (C O X): There are two isoenzymes of COX (EC 

1.14.99.1): a constitutive COXl and an inducible C0X2, which differ 

in the ir regulation of expression and tissue distribution. Inhibition of 

these enzymes, by non-steroidal anti-inflam m atory drugs (NSAIDs) 

(e.g. aspirin, ibuprofen, naproxen), inhibits the formation of 

prostanoids. The PTGSl gene (22 kilobases in size) is located in the 

human chromosome 9 (9q32-q33.3), whereas PTGS2 (8 kilobases in 

size) is located in chromosome 1 (Iq25 .2 -q25 .3 ); their mRNAs are 

also quite different respectively 2.8 kilobases and 4 kilobases in size. 

However, substrate-binding sites and catalytic regions in protein 

tertia ry structures are almost identical. A splice variant of COXl 

retaining intron 1 in its mRNA, C0X3, has also been identified. An 

exchange of isoleucine in COXl for valine in C0X2 at position 434 and
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523 allows C0X2 to catalyze the conversion of arachidonic acid to 

PGH2 but at a much higher level of throughput

Isoenzyme COXl is predominately produced by endothelial 

cells; however, C0X2 becomes readily expressed at sites where 

inflammatory processes (e.g. atherosclerosis), vascular injury or 

infection are taking place. In this condition, endothelium is able to 

produce, apart from prostacyclin, non-prostacyclin prostanoids (e.g. 

prostaglandin E2 , PGH2 )

COAGULATION FACTOR 3 (F3, TISSUE FACTOR): The F3

gene, which is located in the human chromosome 1, codifies a 47- 

kDa protein (tissue factor) constitutively expressed in subendothelial 

cells (e.g. vascular smooth muscle cells), but not in endothelial cells, 

under physiological conditions In endothelial cells, IL-16 and TNF- 

a induce the synthesis of tissue factor but this factor is normally 

sequestered within the endothelial cell and unable to start the 

coagulation cascade Various stimuli, such as vessel injury 

induce tissue factor activity on the endothelial surface

Although soluble tissue factor, generated through alternative 

splicing, can also be found in the circulation it cannot trigger 

coagulation because it fails to act as a cofactor for coagulation factor 

V ila  In non-inflamed tissues, endothelial cells express tissue 

factor pathway inhibitor that prevents the initiation of coagulation by 

blocking the actions of the factor-V IIa-tissue-factor complex
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The foremost initiator of the coagulation cascade in vivo is 

tissue factor through the so-called extrinsic pathway. Tissue

factor participate as a cofactor in the activation of the coagulation 

factor VII to its active form, factor V ila. The factor Vlla-tissue factor 

complex initiates a series of enzymatic reactions which lead to 

activation of prothrombin to thrombin on the platelet membrane 

surface. Thrombin converts soluble fibrinogen to insoluble fibrin to 

form the blood clot. Thrombin not only converts fibrinogen to fibrin 

but also activates platelets The second classic pathway of 

initiation of the coagulation cascade, the intrinsic pathway^ begins 

with the activation of coagulation factor XII to X lla, which is 

promoted by certain surfaces such as glass or collagen. Factor X lla 

also initiate a series of enzymatic reactions which lead to activation of 

prothrombin to thrombin on the platelet membrane surface 

However, this pathway is not required for initiation of haemostasis in 

vivo.

It has been also proposed that tissue factor can exist in a latent 

(or "encrypted") form that lacks of coagulant activity or in an active 

form that initiates blood coagulation; and inactive tissue factor can be 

enzymatically activated by an enzyme produced in activated platelets 

and endothelial cells

INTERLEUKIN 6 ( IL 6 ):  Human IL-6 is a monomeric

multifunctional cytokine consisting of 184 amino acids with two
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potential N-glycosylation sites and four cysteine residues 

Secretion of IL6, which is produced by a wide spectrum of cell types 

in the cardiovascular system, is upregulated in response to 

inflammation, angiotensin II, oxidative stress, and cardiovascular 

in jury. Human IL6 is a marker of the vascular inflammation. 

Angiotensin II, IL-16, TNF-a, and viral infection highly induce IL6 

levels in blood. Transcription factor NF-kB underpins inducible IL6 

expression IL-6 (23.7 kDa) has a pro-atherogenic effect on

endothelial cells and B cells; as well as is involved in proliferation 

and differentiation of B cells into plasma cells and antibody secretion; 

it is also involved in acute phase response Interactions between 

IL-6 and endothelial cells regulate recruitment of leukocytes and 

expression of chemokines

INTERLEUKIN 8 ( IL 8 ):  Human IL8 is generated as a 

precursor of 99 amino acids and is secreted after cleavage of a signal 

sequence of 20 residues. N-terminal extracellular processing of the 

mature form yields several biologically active variants (77, 72, 70, 

and 69 amino acids). The predominant variant consists of 72 amino 

acids and has a molecular weight of 8,383. I t  is a basic protein (p l 

8.3) and contains four cysteines that form two disulfide bridges 

IL8 forms dimers in solution but it is unknown if it acts as a dimer 

or monomer in vivo
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Normally, IL8 protein is barely secreted from noninduced cells, 

but its production is rapidly induced by a very wide range of stimuli 

encompassing proinflammatory cytokines such as tumour necrosis 

factor (TNF) or IL -1 , bacterial, or viral products, and cellular stress 

NF-kB is involved.

Endothelial cells, monocytes, and macrophages produce IL8  

which acts on monocytes, macrophages, and T cells promoting 

chemotaxis and leukocyte arrest; as well as has pro-atherogenic and 

pro-inflam matory actions

PLATELETS

Platelets are anucleated blood elements in the order of 2 to 4 

[jm in size that derived from megakaryocytes in a process called 

thrombopoiesis. Thrombopoietin is the main regulator; but IL3, IL6, 

I L l l ,  and stem cell factor are also involved Platelets contain

granules (a-granules and dense 5-granules), lysosomes, 

mitochondria, and endoplasmic reticulum. Platelet granules stored 

numerous crucial factors for platelet function. In humans, the 

physiological range for platelets is 150 - 400 x 10^ per millilitre; 

frequently, females have higher platelet count than males. The 

lifespan of circulating platelets is 7 to 10 days Old platelets are

eliminated in the spleen and in Kupffer cells (in the liver).

In the absence of any activating stimulus, resting platelets 

circulate in a quiescent state being discoid in shape; however, when
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they become activated, they change their shape, extending 

pseudopodia in many directions, and platelet degranulation takes 

place (Figure 19).

Figure 19 | Transmission electron microscopy of platelets.
Discoid shape resting platelets (left), activated platelet with the 
formation of pseudopodia (centre), and aggregated platelets forming 
different plugs (right).

In the absence of vascular damage, endothelial cells synthesize 

and release NO and prostacyclin, which along with the expression of 

CD39 (ectonucleoside triphosphate diphosphohydrolase 1) on the 

endothelial luminal plasma membrane, inhibit platelet activation. The 

CD39, an ADPase, hydrolyzes any small amount of ADP that might 

cause platelet activation

Platelets play a crucial role in vascular haemostasis. After 

vessel-wall damage, platelets adhere to the site of vascular damage, 

activate and aggregate (primary haemostasis) Simultaneously, 

coagulation factors react in a complex cascade of events (coagulation 

cascade or secondary haemostasis) that culminates in the activation 

of thrombin and generation of fibrin. All these events lead to the
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formation of a stable platelet plug (also known as clot or thrombus) 

that ensues wound healing. Afterwards, this platelet plug is gradually 

dissolved by enzymes of the fibrinolytic system. An imbalance in the 

formation (e.g. excess of platelet aggregation) or degradation (e.g. 

fibrinolytic system deficiencies) of the platelet plug may lead to 

breakage and release of various sizes of thrombus which travel free 

in the bloodstream. Free thrombi are known as emboli and if they 

block bloodstream in large arteries (thromboembolism) eventually 

result in pathologies such as heart attack and stroke. In addition to 

their role in haemostasis and thrombosis, accumulated evidence also 

indicates the role of platelets in non-haemostatic processes such as 

wound repair, angiogenesis, innate immune response, and

119-121carcinogenesis .

Under physiologic conditions, loss of endothelial barrier, after 

vessel wall damage, results in exposure of subendothelial collagen 

and vWF to flowing blood. Binding of these proteins to platelet 

receptors triggers platelet adhesion and activation that eventually 

leads to a local platelet plug formation to arrest haemorrhage and 

guarantee wound vessel healing. Platelet collagen receptors 

glycoprotein (GP) G P Ia /IIa  complex and GPVI, as well as platelet vWF 

receptor G P Ib /IX /V  complex, play an important role on activating 

platelets in an early stage Soluble vWF does not bind to platelets 

to prevent aggregation; however, immobilized vWF onto collagen is 

highly reactive toward flowing platelets. The binding of vWF and

52



collagen to their receptors on the platelet surface mem branes  induces 

release and activation of GPIIb/IIIa receptors. The activation (a 

change from the low- to high-affinity conformation) of the GPIIb/IIIa 

complex is crucial for platelet aggregation to occur (Figure 20).

GPIIb/IIIa

\ ^ XSelcctin P '  K
GVWlXrV collagen

Fibrinogeno granule Leukocyte

a granule

GPIa/IIa

t AGGREGATION

vWF

Figure 20 | Platelet aggregation. In resting platelets, GPIIb/IIIa 
has no ligand-binding activity and SELP is stored in a granules; this 
prevents platelet aggregation. The binding of vWF (GPIb/IX/V) and 
collagen (GPIa/IIa and GPVI) to their receptors lead to activation of 
GPIIb/IIIa on the platelet surface membrane.  A conformational 
change in GPIIb/IIIa structure results in exposure of high affinity- 
binding sites tha t  facilitate the recognition of circulating soluble 
fibrinogen. Also, more GPIIb/IIIa receptors translocate to the platelet 
surface mem brane  and activate. In addition, upon platelet activation 
SELP translocate to the platelet surface membrane.

G P IIb /IIIa  receptors are platelet specific surface receptors 

that  belong to the integrin superfamily (onbpa integrin). It is the most 

abundant receptor on platelet surface; as many as 80,000 copies of 

GPIIb/IIIa are expressed on the surface of resting platelets with

53



additional pools in the membranes of 6-granules Selectin P 

receptors on the platelet surface membrane underlies platelet- 

leukocyte aggregation Selectin P is involved in the recruitment of 

leukocytes from the blood into the damage tissue to eliminate the 

potential infection associate with the injury. This recruitment occurs 

in a sim ilar way than that in endothelial cells (see figure 15). Platelet- 

leukocyte aggregation is also observed in the embolus.

Early adhesion and platelet activation results in the formation of 

a monolayer of platelets on the exposed collagen and vWF where the 

loss of endothelial barrier occurred. Afterwards, platelets accumulate 

on the initial platelet monolayer and activated thrombin, on activated 

platelet surface, catalyzes the conversion of soluble fibrinogen into 

insoluble fibrin. This establishes fibrin bridges between platelets, 

which results in the formation of a local stable platelet plug, which 

ensures vessel wound healing. The activation and recruitment of 

additional platelets to form the platelet aggregate is mediated by 

diffusible mediators such as ADR and thromboxane A2 (TXA2 ) which 

are released upon platelet degranulation and act via GPCRs. These 

platelet activators further increase their own formation and release 

from activated platelet, thus acting as positive-feedback mediators 

that amplify the initial signals to ensure the rapid activation and 

recruitment of platelets into a growing thrombus. The MMP2 release 

from platelet during the ir activation is also involved in platelet 

aggregation and extension of the clot
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Regulation of adhesion, activation, and platelet aggregation 

result from the balance between the action of platelet activators 

(collagen, vWF, TXA2 ADP and MMP2 and inhibitors 

(prostacyclin, ADPase, and NO).

O XIDATIVE STRESS

Oxygen is vital in the cellular metabolism. Its high redox 

potential allows it to easily accept electrons from reduced substrates. 

Free partially reduced forms of oxygen, or free radicals, are known as 

reactive oxygen species (ROS). Superoxide anion (O2” ), hydrogen 

peroxide (H2O2), and hydroxyl radical (OH*) are ROS. Excess of ROS 

can affect the redox state levels of glutathione and thioredoxin, which 

are antioxidant enzyme cofactors; as well as, oxidize and damage 

lipids, nucleic acids, proteins, and polysaccharides. Superoxide can 

interact with NO to form peroxynitrite (ONOO'), a strong oxidant. 

Free radicals derived from nitric oxide are !<nown as reactive nitrogen 

species (RNS). Excess RNS affect the nitrosation or nitration of 

cellular targets, including proteins and glutathione; as well as, 

oxidizes proteins and nucleic acids. This is referred as nitrosative 

stress. Collectively, excessive accumulation of ROS or RNS, and the 

uncontrolled oxidation of cellular components are referred to as 

oxidative stress. Oxidative and nitrosative stress accompany aging 

and several diseases, including hypertension, atherosclerosis, 

Alzheimer's disease and a variety of dementias
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Enzymes such as NAD(P)H oxidases, xanthine oxidase, NOS, 

cyclooxygenase, and lipooxygenate and also the mitochondrion 

131-132, |3 eep showed as free radical generators.

The antioxidant enzymes superoxide dismutase (SOD), 

catalase, and glutathione peroxidise (GPx) maintain reactive oxygen 

species level low by detoxification of ROS, that in turn maintain RNS 

also low, to avoid the ir undesirable effects. The expression of these 

enzymes is induced by H2 O2 When free radical production over 

saturated the protective enzymatic mechanism, the cell suffers the 

catastrophic consequences of the oxidative stress. However, ROS and 

RNS in low levels are involved in regulations of certain physiological 

functions.

THE [N O ]/[O N O O ‘] BALANCE: Endothelial cells and platelets 

release NO which inhibits platelet aggregation. However, the reaction 

of NO with O2 *', and production of ONOO', leads to impairments in NO 

bioavailability This reaction takes place under physiological 

conditions in both platelets and endothelial cells. Essentially, NO is 

produced but it is not available to perform its functions. This is 

correlated with the reduction of the vasodilator and platelet- 

regulatory functions of endothelium during the course of vascular 

disorders such as atherosclerosis, essential hypertension, and 

preeclampsia Therefore, a high [N 0 ]/[0 N 0 0 ‘ ] ratio is crucial for 

platelet function under physiologic conditions. A high [NO]/[ONOO']
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balance leads to Inhibition of platelet adhesion and aggregation as 

well as an increase in disaggregation of platelet aggregates. On the 

Other hand, a reduced [N 0 ]/[0 N 0 0 ‘] ratio conduces to an increased 

platelet aggregation, SELP expression, MMP activation; and finally, to 

platelet and endothelial cell dysfunction (Figure 21).

GTP

NOS
>  0  GC-s .

^  \P P i
>  NOArg

Platelet cGMP
ONOO

Nucleus
NOS

>  NO >  ONOOArg

Endothelial cell

Figure 21 | The [N O ]/[O N O O ‘] balance. As [N 0 ]/[0 N 0 0 ‘] ratio is 
high, NO activates the platelet soluble guanylate cyclase (GC-s) to 
increase the levels of cyclic guanosine monophosphate (cGMP). The 
cGMP induces activation of protein kinase G (PKG), inhibition of 
cGMP-inhibited cyclic adenosine monophosphate (cAMP) 
phosphodiesterase, and inhibition of the opening of ion channels 
regulating calcium flux and producing a reduction in platelet cytosolic 
Ca'^ .̂ As [NO]/[ONOO ] ratio is low, NO is not available to perform its 
functions. Adapted from Alonso, D. & Radomski, M.W. (2003)

ATHEROSCLEROSIS

High fat diet, inflammatory diseases, elevated low-density 

lipoprotein (LDL) and intermediate-density lipoprotein (IDL) levels, 

obesity, and smoking are all classic risk factors for atherosclerosis
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I t  is increasingly recognized that fine and ultra-fine particulate matter 

are also risk factors 25,30,32,i3s_

Atherosclerosis is a progressive disease whereby modified 

lipoproteins, macrophages, T cells and the normal cellular and fibrous 

elements of the arterial wall interact with each other in the 

subendothelial space (tunica intima) of medium-sized or large 

arteries, and ultimately leads to the formation of atherosclerotic 

plaque or atheroma. Atheroma rupture derives most likely in heart 

attack or stroke.

Arterial branching or curvatures are preferential sites for 

atherosclerotic lesion formation These areas are especially prone 

to the passive permeation of apolipoprotein B-containing lipoproteins, 

LDLs and IDLs, through endothelial cell junctions and subendothelial 

accumulation These lipoproteins are retained in the tunica intima 

by interaction between the apoB-100, in their surface, and 

proteoglycans of the extracellular matrix (Figure 22).
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Figure 22 | Arterial atheroma formation. Circulating LDLs diffuse 
to the tunica intima and are retained. Trapped LDLs become 
minimally oxidized LDLs (moxLDLs) by exposure to free radicals 
released from local endothelial cells or enzymes of the extracellular 
matrix (blue lines). For reasons that are not completely understood, 
but involved moxLDLs, shear stress and disturbed blood flow the 
local overlying endothelium is activated to secrete chemokines and 
express adhesion molecules (ICAMl, yellow; VCAMl, green; SELE, 
red; and SELP, purple) i35,i4i-i42_ leads to tethering, rolling and 
extravasation of lymphocytes (green line) and monocytes (purple 
line). In the intima, monocytes differentiate to macrophages. Also, 
moxLDLs become highly oxidized LDLs (oxLDLs). Macrophages 
recognize oxLDLs, via scavenger receptors, engulf them and activate. 
Lipoprotein IDLs may suffer similar modification than LDL and 
promote atherosclerosis.

Atherosclerosis shares some characteristic with inflammation; 

however, this disease is characterized by the recruitment of 

monocytes and lymphocytes, but not neutrophils. Activated 

macrophages induce the differentiation of T cells to ThI  via MHC class 

II. Activated macrophages and ThI  (CD40 and CD40 ligand are 

involved) release a cocktail of cytokines (e.g. INF-y, TNF-a) and
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growth factors. This increases the recruitment of more monocytes 

and lymphocytes; as well as, smooth muscle cell and extracellular 

matrix proliferation In parallel, macrophages continue engulfing 

oxLDLs and become foam cells, and finally die via necrosis or 

apoptosis All these events lead to atheroma growth to the light of 

the blood vessel and development of a fibrous cup. Atheroma 

vulnerability is a critical factor in the formation of a blood thrombus. 

Vulnerable plaques generally have thin fibrous caps and increased 

numbers of inflammatory cells; and therefore, break easily. The 

rupture of the atheroma leads to thrombosis and embolus formation.
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AIM S OF THE PROJECT

As nanoparticles have been shown to interact with biological 

components and induce noxious effects I was interested in 

studying the interactions of silica nanoparticies with the 

cardiovascular system, since this has been shown to be targeted by 

nanoparticies I selected silica nanoparticies for my studies because 

the exposure of the human population to them may be very 

important due to their very high production volume worldwide and 

their number of applications. Moreover, there are not enough studies 

available to ensure silica nanoparticle safety or toxicity. I specifically 

focused on endothelial cells and platelets since interferences with 

their normal physiological functions bring catastrophic consequences. 

For my studies on endothelial cells, I selected human umbilical vein 

endothelial primary cells (HUVEC primary cells). This cell line has 

been used for many years as a standard for physiological and 

pharmacological studies of endothelial cells. For my studies on 

platelets, I used human platelets isolated in the same day that I 

performed my experiments. All my studies were in vitro.

Specific aims:

1. To demonstrate if amorphous silica nanoparticies induce

noxious effects in human endothelial cells and human platelets.
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2. To Study the consequences derived from the exposure of 

endothelial cells to amorphous silica nanoparticles in terms of 

inflammatory response.

3. I f  amorphous silica nanoparticles induce noxious effects on 

human endothelial cells, to understand how this happens 

mechanistically.

4. To investigate the consequences derived from the exposure of 

human platelets to amorphous silica nanoparticles in terms of 

platelet activation (receptors activation and expression), 

aggregation, and free radical production.
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MATERIALS AND METHODS

REAGENTS

Foetal bovine serum (FBS), endothelial cell growth supplement, 

tri-sodium citrate, Tyrode's salt solution, glutaraldehyde, KH2 PO4 , 

K2 HPO4 , osmium tetroxide, propylene oxide, agar 100 epoxy resin, 

DDSA hardener, MNA hardener, BDMA accelerator, uranyl acetate, 

and Reynold's lead citrate were all purchased from Sigma-Aldrich 

(Arklow, Ireland). Phosphate-buffered saline (PBS), 5-(and-6)- 

carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy- 

H2 DFFDA) (Invitrogen, Paisley, UK).

SILICA NANOPARTICLES

10-nm (lOSiNPs), 50-nm (SOSiNPs), 150-nm (ISOSiNPs), and 

500-nm silica nanoparticles (500SiNPs) were all purchased from 

Polysciences Europe GmbH (Eppelheim, Germany). Nanoparticles 

suspensions were maintained refrigerated (4°C) while my studies 

lasted.

NANOPARTICLE CHARACTERIZATION

The hydrodynamic sizes and Z, potentials (zeta potentials) of all 

silica nanoparticles were determined by a Zetasizer Nano ZS (Malvern 

Instruments Ltd, Malvern, UK). Sixtuplicate measurements of 

hydrodynamic size and zeta potential were performed on each

commercial particle size suspended in deionised ultra-pure water H2 O
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at 25 °C. All m easurem ents were conducted using silica nanoparticles  

at a concentration of 100 |jg /m l. Malvern folded capillary cells were  

used to fulfil all m easurem ents.

CELL CULTURE

Pre-screened human umbilical vein endothelial prim ary cells 

were purchased from the Health Protection Agency Culture Collections 

(ECACC, Salisbury, UK). Cells were cultured in 75 -cm ^ -25 0 -m l tissue 

culture flasks (T -7 5  flasks) and in the recomm ended ECACC complete  

endothelial cell growth medium . Cells were maintained in a 37°C , 5 %  

CO2 humidified incubator. Cells were supplied with fresh medium  

every two days, and propagated using the recom m ended ECACC 

subculture kit, for a m axim um  of 16 population doublings.

EXPOSURE OF CELLS TO NANOPARTICLES

Im m ed ia te ly  before use, commercial silica nanoparticle 

suspensions were sonicated in a sonic bath for 10 minutes to ensure 

dispersity. When cells reached 8 0 %  confluence, they were exposed to 

nanoparticles, which were suspended in basal media (ECACC 

complete media without serum or growth factors) supplemented with 

2 %  FBS and 0 .0 3 -m g /m l endothelial cell growth supplement. 

Nanoparticle concentrations in culture media to be tested were  

prepared by serial dilution from the sonicated suspensions and mixed  

by vortexing. Untreated controls (without nanoparticles) were
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incubated in an equivalent volume of basal media supplemented with 

2% FBS and 0.03-m g/m l endothelial cell growth supplement. For 

each experiment untreated cells served as a control.

PHASE-CONTRAST MICROSCOPY

When HUVEC primary cells, growing in 25-cm^-50-ml tissue 

culture flasks (T-25 flasks), reached 80% confluence, they were 

washed twice with basal media; and then, incubated with lO -pg/m l 

and 50-|jg /m l lOSiNPs for 15 hours. Untreated control cells (w ithout 

nanoparticles) were also prepared. Cells were examined by an 

OLYMPUS CKX41 inverted microscope (Olympus UK Ltd., Southend on 

Sea, UK). Micrographs were taken by an A ltra2o Soft Imaging System 

(Olympus UK Ltd., Southend on Sea, UK).

PLATELET AGGREGATION STUDIES

Blood was obtained from healthy volunteers, who had not taken 

any drugs known to affect platelet function for 2 weeks prior to the 

study. W ashed platelets and platelet-rich  plasma (PRP) was

obtained as previously described Briefly, blood was collected and 

anticoagulated using tri-sodium citrate (3.15%  w /v; 9:1 v /v). The 

citrated blood was centrifuged at 250 x g for 20 minutes at room 

temperature to prepare PRP. Washed platelets were prepared by 

centrifugation of PRP, containing prostacyclin (1 pM), a further 10 

minutes at 900 x g at room temperature. Prostacyclin was used to
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protect platelets from activation during differential centrifugation, 

washing and isolation from blood. Following isolation, platelets were 

resuspended in prostacyclin-free Tyrode's salt solution. The samples 

of PRP and washed platelets were adjusted using Tyrode's salt 

solution to a final concentration of 2.5 x 10® platelets per millilitre.

The ability of nanoparticles to stimulate platelet aggregation of 

unstimulated (resting) platelets was studied. Im m ediately before use, 

nanoparticle suspensions were sonicated for 10 minutes in a sonic 

bath to ensure dispersity. Then, nanoparticle suspensions in Tyrode's 

salt solution were prepared by serial dilution from the commercial 

suspensions and mixed by vortexing. A maximum of 10 pi of particle 

suspensions in Tyrode's salt solution were added to either Tyrode's 

salt solution containing platelets or PRP in the aggregometer.

Platelet aggregation was studied against a Tyrode's salt solution 

blank, for washed platelets; and poor-platelet plasma (PPP) (with or 

without Tyrode's salt solution), for PRP. Blanks contained the same 

particle concentration than the test tubes. Final volumes into all test 

and black tubes were the same.

Platelets were incubated for 2 minutes at 37°C  in a four- 

channel whole blood/optical lum i-aggregom eter (model 700) 

(Chrono-Log, Manchester, UK), prior to the addition of silica 

nanoparticles ( l-2 0 0 -[ jg /m l of lOSiNPs, SOSiNPs, ISOSiNPs, and 

500SiNPs) and the reaction was measured for up to 15 minutes.
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Collagen (5 |jg per m illilitre of either PRP or washed platelets) 

was used as a positive control for platelet aggregation studies. 

Aggregation in control samples, w ithout nanoparticles, was also 

studied.

Aggregation was measured using a four-channel Chrono-log 

whole blood Lumi-Aggregometer linked to Aggro-Link data-reduction 

system and expressed relative to the control. The results were

expressed as percentage of light transmission, where 100% 

transmission was taken as maximal aggregation, and were given as 

mean values of three or four replicates.

TR A N S M IS S IO N  ELECTRON MICROSCOPY (TEM )

When HUVEC primary cells, growing in T-75 flasks, reached 

80% confluence, they were washed twice with basal media and then 

incubated with lO -pg/m l lOSiNPs for an hour. HUVEC cells in the 

same media, but w ithout nanoparticles (untreated cells), were also 

prepared. Afterwards, supernatants were removed and endothelial 

cells washed twice with basal media, and then collected in this media.

On the other hand, platelet aggregation was terminated at 30% 

maximal response in washed platelets exposed to 10-pg/ml lOSiNPs, 

as determined using an aggregometer. Untreated control (w ithout 

nanoparticles) was also prepared.

Cell (in basal media) and platelet (in Tyrode's salt solution) 

suspensions were fixed by mixing them with an equal volume of 3%
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glutaraldehyde in 0.05M  potassium phosphate buffer (pH 6 .8 )

for 1.5 hours at room temperature.

3 %  glutaraldehyde in 0.05M  potassium phosphate buffer (pH  

6.8)

1. Preparation o f 10 m l o f 0.2M phosphate buffer (pH 6.8): Mix 

5.1 ml of 0.2IM KH2 PO4 in distilled water + 4.9 ml of 0.2M 

K2HPO4 in distilled water.

2. Preparation o f 24 m l o f 3% glutaraldehyde in 0.05M potassium  

phosphate buffer (pH 6.8): Mix 15 ml of distilled water, 6  ml of 

0.2M phosphate buffer (pH 6 .8 ), and 3 ml 25% glutaraldehyde.

After primary fixation, samples were centrifuged at 1500 x g for 

1 0  minutes at room temperature; and then, pellets were washed 6  

times with 0.05M potassium phosphate buffer (pH 6 .8 ) to remove any 

un-reacted glutaraldehyde from the samples before post-fixation. 

Afterwards, pellets were post-fixed with 2 %  osmium tetrox ide in 

0.05M  potassium phosphate buffer (pH 6 .8 ) for 30 minutes, 

while agitating samples on a rotator.
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2 %  osmium tetrox ide in 0.05M  potassium phosphate buffer 

(pH 6.8)

1. Preparation of 4% osmium tetroxide in distilled water

2. Preparation of 2% osmium tetroxide in 0.051^ potassium 

phosphate buffer (pH 6.8): Mix 2 ml of 4% osmium tetroxide in 

distilled water, 1 ml of 0.2M potassium phosphate buffer (pH 

6.8), and 1 ml of distilled water.

Afterwards, pellets were dehydrated in series of graded ethanol 

solution at room temperature: 10% ethanol in distilled water for 10 

minutes; 30%, 10 minutes; 50%, 10 minutes; 70%, 10 minutes; 

95%, 10 minutes; 100%, 15 minutes; 100%, 15 minutes; and 100%, 

30 minutes.

Afterwards, pellet samples were incubated in 100% propylene 

oxide (transitional fluid) for 15 minutes at room temperature, 

centrifugated and pellets incubated a further 30 minutes in fresh 

100% propylene oxide.

This was followed by a three-hour incubation of the pellets in 

50% propylene oxide /  50% agar 100 resin (10 ml resin + 10 ml 

propylene oxide) at room temperature; 100% agar 100 resin, 3 hours 

at room temperature; and 100% 24 hours in the oven at 60°C.
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AGAR 100 RESIN

24.Og agar 100 Epoxy resin, 16.Og DDSA Hardener, lOg MNA 

Hardener, 1.5g BDMA accelerator

Afterwards, ultrathin sections were cut from the dried blocks 

with a diatome diamond knife on a LKB ULTRATOM II I  ultratome 

(LKB, Uppsala, Sweden). Samples were placed on grids and stained 

with 0.5% aqueous uranyl acetate (10 -  30 minutes depending on of 

the staining ability of the specimen) follow by Reynold's lead citrate 

(5-10 minutes), and examined by a JEM 2100 transmission electron 

microscope (JEOL Ltd, Herts, UK).

CYTOTOXICITY

Cytotoxicity of silica nanoparticles was assessed using a 

CytoTox96® Non-Radioactive Cytotoxicity Assay (Promega, 

Southampton, UK). The enzymatic activity of the stable cytosolic 

enzyme lactate dehydrogenase (LDH), which is released upon cell 

lysis, was measured. This is a simple- and quick-to-perform test, 

which assesses membrane damage, and therefore cell death. A 

coupled enzymatic reaction is used to measure LDH activity. Released 

LDH in cell culture supernatants catalyzes the oxidation of lactate to 

pyruvate, in a reaction that involved the reduction of the cofactor 

NAD"  ̂ to NADH + H"̂ . Enzyme diaphorase (included in the assay)
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catalyzes the oxidation of tetrazolium salt into formazan (red), in a 

reaction that involved the oxidation of NADH + to NAD^. The 

amount of colour formed is proportional to the number of lysed cells. 

The general enzymatic reaction of the LDH assay is as followed:

LDH
Lactate + NAD"  ̂ --------------► Pyruvate + NADH +

diaphorase
Tetrazolium salt + NADH + H  ̂ ---------------- ► formazan (red) + NAD^

Cytotoxicity analyses were performed following the supplier's 

recommendations. As HUVEC primary cells, growing in 96-well plates, 

reached 80% confluence, they were washed twice with basal media; 

and then, incubated with silica nanoparticles (various concentrations) 

(final volume 100 pi), in triplicate sets of wells (LD H exp) for 3, 7, 

15, and 30 hours. Triplicate untreated control wells (without 

nanoparticles) were also prepared (LDHcon). After the treatment, 50 

|j| of the supernatants and 50 pi of LDH substrate (containing 

diaphorase) were mixed together into wells of a fresh 96-well plate; 

and then, incubated for 30 minutes protected from the light. 

Following the addition of a stop solution (50 pi), the LDH activity was 

measured spectrophotometrically at A: 492 nm by a FLOUstar Optima 

spectrophotometer (BMG LABTECH Gmbh, Offenburg, Germany). A 

set of triplicate wells, containing untreated controls, was lysed by 

addition of 10 pi of lysis solution to extract the maximum LDH activity
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(LDHm ax). A set of triplicate wells, containing medium with neither 

nanoparticles nor cells, was prepared (culture medium background, 

CMB). A set of triplicate wells was prepared to correct for volume 

changes caused by addition of lysis solution (volume correction 

control, VCC). The average of absorbance values of CMB was 

subtracted from the average of LDHcon and LDHexp. The average of 

absorbance values of VCC was subtracted from LDHmax. Afterwards, 

the percentage of cell viability was calculated according to the 

formula:

o/o viability  = 100 - x 100]
'  '■ '(L D H m ax-L D H co n )-' ■■

An LDH positive control (bovine heart LDH) supplied with the 

assay was used to verify a correct performance of the assay.

I t  has been reported that the test material can interfere with 

the technique of measurement Further experiments were

performed only with silica nanoparticles in deionised ultra-pure water 

to rule out the possibility of nanoparticle interference with the assay.

FREE RADICAL DETECTION

In order to detect free radicals generation, a fluorometric assay 

using intracellular oxidation of carboxy-H2DFFDA was performed. 

Non-fluorescence carboxy-H2DFFDA is converted by intracellular 

esterases to carboxy-H2DFF, which is oxidized by free radicals to
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carboxy-DFF, a high green fluorescence compound. Fluorescence 

formed is proportional to free radical production.

As HUVEC primary cells, growing in 6-well plates, reached 80% 

confluence, they were washed twice with basal media; and then, 

incubated with 10-|jg/m l lOSiNPs (final volume 1 ml) for 1 hour. 

Untreated control wells (w ithout nanoparticles) were also prepared. 

After the treatm ent, cells were washed twice with basal media; and 

then, incubated with carboxy-H 2 DFFDA (40 pM) contained in 1 ml of 

basal media for 30 minutes in a 37°C, 5% CO2 humidified incubator. 

Afterwards, cells were washed twice with basal media; and then, 

examined in a Axiovert 200 M inverted fluorescence microscope (Carl 

Zeiss Ltd, Hertfordshire, UK) at Aex/Aem: 485/530 nm.

N ITR IC  OXIDE (N O ) AND PEROXYNITRITE (O N O O )  

DETECTION BY NANOSENSORS

NANOSENSOR DESIGN: Biosensors were fabricated in order 

to measure NO and ONOO' in the range of nanomol per litre (nm ol/l) 

(nanosensors).

The basic element of a nanosensor for NO was constructed 

using a previously described technique A capillary tube (100 mm 

diameter) was heated using a microburner, pulled to a diameter of 

100-200 |im, and bent at an angle of 30° from straight. A carbon 

fibre was inserted into the capillary emerging from the smaller pulled 

tip. About 6.0 cm length of 18 AWG copper wires was sanded to
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create a rough surface. Using mixed conductive silver epoxy, the  

copper wire was immersed in the epoxy and rolled into the carbon 

fibre filled capillary. Proto-electrodes were inserted into a vacuum  

oven and were heated under a vacuum , at 3 0 -4 0 ° C ,  for three hours. 

After removing and cooling these proto-electrodes, beeswax was  

liquefied and inserted into the pulled end of the electrode using 

capillary action. When the wax solidified, the tips of the proto

electrodes were sharpened using a micro burner. The electrode was 

inserted into the inner cone for ~ 1  second. This produced a final 

electrode d iam eter of ~ 4 0 0  nm. Finally, the electrodes were placed in 

O .IM  sodium hydroxide overnight to solubilize excess wax. Electrodes 

were removed from the O .IM  NaOH solution and cleaned using 

am perom etry  in 0.1 M NaOH, at 1.0 V and -1 .0  V for three times at 

each voltage. The cleaned electrode was then stored in distilled H2O 

until coating. The electrodes cleaned for this process were placed in a 

solution of monomeric porphyrin (N i ( I I ) -T e tra (3 -m e th o x y -4 -  

hydroxyphenyl) porphyrin, N i(II)-TM H PP, in 0.1 M NaOH) and coated 

using cyclic vo ltam m etry . After 1 5 -3 0  cycles at a scan rate of 100  

m V/s, between 0 .0  V and 1.0 V, the electrodes w ere removed and 

rinsed with deionized w ate r  and immersed in 1%  nafion in ethanol 

three times, for eight seconds. After drying the nafion coating, the  

electrodes were again placed in deionized w ater until calibration.

Electrodes were prepared for ONOO" detection using the 

same uncoated electrode The uncoated electrodes were removed
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from the 0.1 M NaOH and cleaned using cyclic voltammetry in 0.5M 

H2 SO4 between 1.0 V and -1.0 V over 5 cycles. The cleaned 

electrodes were stored in distilled H2 O before plating. The cleaned 

electrodes for this process were placed in a peroxynitrite solution of 

monomeric manganese porphyrin (IMn-porphyrin in 5 mM DMSO) and 

coated using continuous cyclic voltammetry. After a maximum of 30 

cycles at 100 mV/sec, between -0.5 mV and +1.0 V, the electrodes 

were removed and rinsed with acetone to remove uncoated 

porphyrin, followed by rinsing with distilled water. Following this, the 

electrodes were then immersed in 1% polyvinyl pyridine (PVP) in 

methanol for eight seconds three times each. After drying the PVP 

coating, the electrodes were again placed in double distilled H2 O and 

l<ept until measurement.

STUDIES IN  CELLS: As HUVEC primary cells, growing in 12- 

well plates, reached confluence, they were washed twice with basal 

media; and then, exposed to silica nanoparticles (various 

concentrations) in cell culture media (basal media, supplemented 

with 2% FBS and 0.03-m g/m l endothelial cell growth supplement). 

Released NO and ONOO' were measured by a tandum of NO and 

ONOO' nanosensors placed 5 ± 2 pm from the surface of a single 

HUVEC cell. Measurements of a single cell were simultaneously and 

continuously recorded after nanoparticle addition to cell culture.
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STUDIES IN  PLATELETS: Blood was obtained from healthy 

volunteers who had not taken any drugs, known to affect platelet 

function, for 2 weeks prior to the study. Platelet-rich plasma (PRP) 

was obtained as previously described Briefly, blood was collected 

and anticoagulated using tri-sodium citrate (3.15% w/v; 9:1 v/v). 

The citrated blood was centrifuged at 250 x g for 20 minutes at room 

temperature. The samples of PRP were adjusted using Tyrode's salt 

solution to the final concentration of 2.5 x 10® platelets per millilitre. 

Released NO and ONOO' were measured by a tandum of NO and 

ONOO' placed in PRP. Measurements from platelets were 

simultaneously and continuously recorded after nanoparticle addition 

to PRP.

NUCLEAR FACTOR k B (NF- k B )  ACTIVITY MEASUREMENT

NUCLEAR PROTEIN EXTRACTION: As HUVEC primary cells, 

growing in T-75 flasks, reached 80% confluence, they were washed 

twice with basal media; and then, incubated with silica nanoparticles 

(10-jjg/m l lOSiNPs for 1 hour; and 50-|jg/m l 50SiNPs, 150SiNPs, and 

500SiNPs for 3 hours). Untreated control cells (without nanoparticles) 

were also prepared. Nuclear proteins were isolated using a Nuclear 

Extraction kit (Cayman Europe, Dublin, Ireland). The isolation was 

performed following the supplier's recommendations. Briefly, cells 

were washed once and then collected in a PBS/phosphatase inhibitor 

solution. Cells were centrifuged and pellets washed twice with the
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same solution. Pellets were incubated in a hypotonic buffer 

(containing both phosphatase and protease inhibitors) to allow the 

cells to swell for 15 minutes. Followed the addition of nonidet P40 

assay reagent, to disturb the plasma membrane, cells were 

centrifuged. Pellets were then incubated with a nuclear extraction 

buffer (containing both phosphatase and protease inhibitors) to 

disturb the nuclear membrane, and then centrifuged. Nuclear 

fractions, contained in the supernatants, were stored at -80°C. The 

samples and buffers were maintained in ice and/or at 4°C during the 

isolation process.

Protein concentration, in the nuclear extracts, was 

spectrophotometrically determined at A: 595 nm by a FLOUstar 

Optima spectrophotometer using the Bradford's method and a 

calibration curved made with albumin.

MEASUREMENT OF N F -k B (p 6 5 )  DNA B IN D IN G  A C T IV ITY :

The p65 subunit binding activity was assessed using a NF-kB (p65) 

Transcription Factor Assay kit (Cayman Europe, Dublin, Ireland). The 

enzyme-linked immunoabsorbent assay (ELISA) was performed 

following the supplier's recommendations. Briefly, nuclear fractions, 

containing 30 pg of proteins, were mixed with a binding buffer; and 

then loaded into duplicate set of wells of a 96-well plate. These wells 

held a specific double strand DNA, containing the NF-kB response 

element (kB site), immobilized onto the bottom. Following an

77



overnight incubation (4°C), samples were washed five times and then 

incubated, for an hour at room temperature, with an anti-p65 

antibody. Samples were washed five times and then incubated, for 

one hour at room temperature, with a goat anti-rabbit horseradish 

peroxidise (HRP) conjugated antibody. Samples were then washed 5 

times followed by addition of a developing solution. Samples were 

then incubated for 15 to 45 minutes at room temperature with gentle 

agitation and protected from light. Followed the addition of the stop 

solution, absorbance was read at A: 450 nm by a FLOUstar Optima 

spectrophotometer.

Further experiments were performed only with silica 

nanoparticles in deionised ultra-pure water to rule out the possibility 

of nanoparticle interference with the assessment. A p65 positive 

control, supplied with the assay, was used to verify a correct 

performance of the assay.

REAL-TIME QUANTITATIVE PCR (qPCR)

As HUVEC primary cells, growing in T-25 flasks, reached 80% 

confluence, they were washed twice with basal media; and then, 

incubated with various concentrations of silica nanoparticles for 3, 7, 

and 15 hours. Untreated control flasks (without nanoparticles) were 

also prepared. Following incubation, ceils were washed twice with 

phosphate buffer saline (PBS). DNA-free RNA was isolated by an 

Ambion RNAqueous®-4PCR kit (Applied Biosystems (AB),
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Warrington, UK) according to the supplier's recommendations. 

Isolated RNA was aliquoted, to avoid freeze-thaw cycles, and stored 

a t-70°C .

Isolated RNA, in each sample, was quantified by a NanoDrop® 

ND-1000 spectrophotometer (Fisher Scientific Ireland Ltd, Dublin, 

Ireland). An equal quantity of total RNA of each sample was reverse- 

transcribed to complementary DNA (cDNA) using a High Capacity 

cDNA Reverse Transcription kit (AB, Warrington, UK), according to 

the supplier's recommendations. Reverse transcription reactions were 

performed by a Realplex^ l^astercycler (Eppendorf UK Ltd, 

Cambridge, UK) with the following conditions: step 1 (25°C, 10 

minutes), step 2 (37°C, 120 minutes), step 4 (85°C, 5 minutes), and 

step 5 (4°C, oo). Finally, cDNA was aliquoted, to avoid freeze-thaw 

cycles, and stored at -20°C.

An equal quantity of total cDNA of each sample was used to 

performed real-time qPCR according to the supplier's 

recommendations. Real-time qPCR was performed in duplicates, with 

pre-designed AB TaqMan® Gene Expression Assays {ICAM l, 

Hs00164932_m l; VCAMl, Hs00174239_m l; SELE, Hs00174057_m l; 

MMP-9, Hs00957562_m l; PTGS2, Hs00153133_m l; F3,

Hs01076029_m l; IL6, Hs00174131_m l; IL-8, Hs00174103_m l) and 

AB Taql^an® Universal PCR Master l^ix. 18S ribosomal ribonucleic 

acid (18S rRNA, Hs99999901_sl) was used as an internal control. 

Real-time qPCR reactions were performed by a Realpiex^ l^astercycler
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with the following conditions: step 1 (95°C, 10 minutes (AmpliTaq 

Gold® DNA polynnerase activation)), step 2 (95°C, 15 seconds (cDNA 

denature)) and step 3 (60°C, 60 seconds (cDNA

annealing/extension)). The steps 2 and 3 were repeated for a total of 

40 cycles.

Real-time qPCR data were analyzed by realplex 1.5 sofware. 

The expression of each gene, within each sample, was normalized 

against 18S rRNA expression (internal control) and expressed relative 

to the control sample using the formula in which AACt = (Ct

mRNA -  Ct 18S rRNA) sample -  (Ct mRNA -  Ct IBS rRNA) control 

sample

Further experiments were performed only with silica 

nanoparticles in Ambion RT-PCR grade water (AB, Warrington, UK) to 

rule out the possibility of nanoparticle interference with the assay.

CYTOMETRIC BEAD ARRAY (CBA)

As HUVEC primary cells, growing in T-25 flasks, reached 80% 

confluence, they were washed twice with basal media; and then, 

incubated with various concentrations of silica nanoparticles for 15 

hours. Untreated control flasks (without nanoparticles) were also 

prepared. Afterwards, a CBA Human Inflammatory Cytokine kit (BD, 

Oxford, UK) was used to detect IL-1(3, interleukin 10 (ILIO), IL6, IL8, 

TNF-a, and interleukin 12p70 (IL-12p70) protein levels in culture 

supernatants. Experiments were performed by a FACSArray™
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bioanalyzer (BD, Oxford, UK). The assays were performed following 

the supplier's recommendations. Briefly, protein concentration, within 

supernatant samples, was spectrometrically determined by the 

Bradford's method. Supernatant samples (50 pi, 400 pg/ml), 

captured beads (50 pi) -coated with specific antibodies for the 

cytokines analyzed-, and PE detection reagent (50 pi) were mixed 

together; and then, incubated at room temperature for 3 hours in the 

dark. Following a washing, sample data was acquired by a BD 

Analysis Software, and analyzed by FCAP Array' '̂^ Software. Cytokine 

levels were obtained using a calibration curve of human inflammation 

standards providing in the kit.

Further experiments were performed only with silica 

nanoparticles in deionised ultra-pure water to rule out the possibility 

of nanoparticle interference with the assay.

FLOW CYTOMETRY

The abundance of activated GPIIb/IIIa and SELP on the surface 

of platelets in the presence and absence of silica nanoparticles was 

measured by flow cytometry i2i,i52-i55_ cytometry was

performed using a FACSArray™ bioanalyzer. Flow cytometry was 

performed on single stained platelet samples as described previously 

i45,i56_ instrument was set up to measure the size (forward 

scatter), granularity (side scatter) and cell fluorescence.
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SELECTIN P (SELP) ANALYSES: 10 \j\ of either washed 

platelets or PRP, at 30% maximal aggregation response as 

determined using an aggregometer, were used to analyze platelet 

receptors. Resting platelets were used as control. To minimize the 

presence of aggregates in samples, 10 pi of platelet suspensions and 

10 pi of fluorescent-labelled antibody suspension, containing 0.25 pg 

of anti-P-selectin (BD, Oxford, UK), were diluted 10-fold using 

physiologic saline buffer and incubated afterward in the dark at room 

temperature for 5 minutes. Platelets were identified by forward and 

side scatter signals, and 10,000 platelet-specific events were 

analysed by the flow cytometer for fluorescence.

G P I Ib / I I Ia  ANALYSES: 10 pi of platelet suspension and 10 pi 

of PAC-1 antibody (BD, Oxford, UK) suspension, containing 10 pg of 

antibody, were incubated in the dark at room temperature for 15 

minutes. PAC-1 specifically recognizes an epitope on the high-affinity 

G PIIb/IIIa complex of activated platelets at or near the platelet 

Afterwards, 10 pi of a fluorescence-labelled antibody suspension, 

containing 2 pg of anti-PAC-1 antibody, were added; Samples were 

then diluted 10 folds using physiologic saline buffer and incubated 

afterward in the dark at room temperature for farther 15 minutes. 

Platelets were identified by forward and side scatter signals, and 

10,000 platelet-specific events were analysed by the cytometer for 

fluorescence.
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Further experiments were performed to ensure that silica 

nanoparticles were not detected by the bioanalyser.

STATISTICAL ANALYSES

All data are presented as group of means ± standard error of 

the mean (SEM) of n > 3. Statistical analysis of the mean difference 

between multiple groups was determined by one-way ANOVA 

followed by Tukey-Kramer multiple comparison post test; and 

between two groups by Student's t tests. A P value < 0.05 is 

considered to be statistically significant and calculated P values are 

given throughout. All statistical analyses were performed using 

GraphPad Prism version 5.00 for Windows (GraphPad Software, San 

Diego, California, USA).
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RESULTS

CHARACTERIZATION OF AMORPHOUS SILICA NANOPARTICLES

The accurate and careful characterization of nanoparticles is of 

crucial importance for any nanotoxicology study Table 1 

summarizes physicochemical properties of the silica nanoparticles 

used in my studies. As specified by the supplier, commercially 

available negative surface charge 10-nm and 50-nm (colloidal); as 

well as, 150-nm and 500-nm silica nanoparticles were uniform 

amorphous solid (non-porous) pure silicon dioxide made via a 

precipitation process.

As significant deviations from nominal specifications are usual 

in commercially supplied samples I re-evaluated some

nanoparticle properties. I measured hydrodynamic size and zeta 

potentials by a zetasizer (Table 1).
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lOSiNPs SOSiNPs ISOSiNPs SOOSiNPs
Concentration 5 0 5 7 1 0 0 1 0 0
(m g /m l)  *
Size (n m ) * 1 0 . 0 5 0 . 0 1 5 0 . 0 5 0 0 . 0
Size (n m ) # 3 2 . 8 9  ±  0 .1 3 8 9 . 5 4  ±  0 .3 0 1 5 8 .4 0  ±  0 .3 8 5 3 3 . 2 0  ±  2 .5 5

Particles per 4 . 9 0  X 10^® 3 . 9 2  X 10^^ 2 . 9 9  X 10^^ 7 . 4 2  X 1 0 “
m illilitre *

1 Particles per 9 . 5 5  X 1 0 *^ 7 . 6 4  X 1 0 '^ 2 . 8 3  x lO ^ ^ 7 . 2 0  X 10^^
i flram  *
Surface negative negative negative negative
charge *
ZP (m V ) # - 4 3 . 4 4  ±  1 . 7 5 - 3 8 . 3 3  ±  0 .2 0 - 3 8 . 4 3  ±  0 .3 0 - 3 9 . 2 9  ±  0 .1 2
Composition * pure SiOa pure Si0 2 pure Si0 2 pure SiOa
Synthesis * precipitated precipitated precipitated precipitated
Synthesis * colloidal colloidal - -

Porosity * non-porous non-porous non-porous non-porous
Table 1 | Silica nanoparticle characterization. Nanoparticle
properties (stock suspension concentration, size, particle per
millilitre, particle per gram, zeta potentials (ZP), composition,
synthesis, and porosity) supplied by the manufacturer ( * ) ;  as well as, 
re-evaluated (hydrodynamic size, zeta potential) in deionised ultra- 
pure H2O by a zetasizer (# )  are shown. 10-nm (lOSiNPs), 50-nm  
(SOSiNPs), 150-nm  (150SiNPs) and 500-nm  silica nanoparticles
(SOOSiNPs).

Amorphous silica nanoparticles bore a strong negative surface 

charge (^-potentials were smaller than -38  mV), as specified by the 

supplier. Commercial and re-evaluated sizes differed greater for 

lOSiNPs and SOSiNPs than for ISOSiNPs and SOOSiNPs.

As nanoparticle size in the medium used in treatm ents (basal 

media -1- 2%  FBS -1- 0 .03-m g/m l endothelial cell growth supplement) 

is unknown, commercial nanoparticle size (10 nm, SO nm, ISO nm, 

and SOO nm) will be used throughout my thesis.

I tested silica nanoparticles in HUVEC primary cells and human 

platelets. First, I began with endothelial cells.
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AMORPHOUS SILICA NANOPARTICLES INDUCE MORPHOLOGY 

CHANGES IN  HUVEC PRIMARY CELLS

To study the influence of amorphous silica nanoparticles on the 

endothelial cell morphology, I used phase-contrast microscopy. The 

figure 23 shows the morphologic effects derived from the treatment 

of HUVEC primary cells with lO-pg/ml lOSiNPs for 15 hours.

Figure 23 | Phase-contrast microscopy studies of HUVEC
primary cells. Cells were treated with 10-pg/ml (b, c) and 50-|jg/ml 
(d) lOSiNPs for 15 hours. Untreated control cells (without 
nanoparticles) were also prepared (a). Scale bars represent 100 pm 
(a, b, d) and 50 pm (c).

The exposure to 10-pg/ml lOSiNPs led to vacuolization of some 

cells (Figure 23b, 23c) in 15 hours. However, vacuolization did not 

affect cellular nucleoplasm (Figure 23c). A concentration 5 times
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bigger (50 |jg/m l) was enough to severely damage all the ceils 

(Figure 23d) indicating that silica nanoparticles are very toxic for 

cells. These findings also seem to indicate that lOSiNPs were able to 

penetrate into the cellular cytoplasm. Next, I used TEM in order to 

clearly demonstrate this point and study more in detail the silica 

nanoparticle-endothelial cell interaction.

UPTAKE OF AMORPHOUS SILICA NANOPARTICLES BY HUVEC 

PRIMARY CELLS

Silica nanoparticle internalization into cells was comprehensibly 

verified by TEM (Figure 24). An untreated Control (Figure 24a) and 

endothelial cells treated with lO-pg/ml lOSiNPs for an hour (Figure 

24b -  24f) were fixed and studied by TEM.
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Figure 24 | Transmission electron microscopy studies of 
HUVEC prim ary cells. Cells were exposed to 10-pg/ml lOSINPs for 
an hour, fixed for TEM and examined by a transmission electron 
microscope (b -  f); untreated control cells (w ithout nanoparticles) 
were also prepared (a). Scale bars represent 10 pm in micrograph a; 
500 nm in b and d; and 100 nm in c, e, and f. Silica nanoparticles, 
SiNPs; endothelial plasma membrane, pm; endothelial nuclear 
membrane, nm; vesicle, vs.

Electron micrographs show how silica nanoparticies quickly 

interacted with the endothelial plasma membrane (Figure 24b, 24d, 

24f), internalized and distributed into the cytoplasm of endothelial
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cells (Figure 24b - 24f). I t  appears that endocytosis was involved in 

nanoparticle uptake by cells, since they were found mainly 

encapsulated in vesicles; within these vesicles, they were found 

either flouting or bound to the membrane (Figure 24b -  24e). 

However, non-encapsulated nanoparticles were also observed 

(Figure 24c, 24d). As expected, nanoparticles were mainly forming 

agglomerates (Figure 24b -  24f).

AMORPHOUS SILICA NANOPARTICLES INDUCE CYTOTOXICITY

As silica nanoparticles seemed to be toxic for endothelial cells 

(Figure 23), I performed LDH assay to test silica nanoparticle- 

induced toxicity in HUVEC primary cells.

As it is possible that the test material interferes with the 

technique of measurement, I included extra controls to avoid 

potential bias and ensure that the cytotoxicity results shown are 

exclusively due to silica nanoparticle action. Absorbance readings of 

the reagents used to perform CytoTox96® Non-Radioactive 

Cytotoxicity Assay did not change with the addition of nanoparticles 

in deionised ultra-pure water, at any concentration used in my 

studies, indicating that silica nanoparticle did not interfere with this 

assay. Consequently, I performed my cytotoxicity studies. For this, 

endothelial cells were exposed to several concentrations of silica 

nanoparticles for 3, 7, 15, and 30 hours (Figure 25).
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Figure 25 | Effects of amorphous silica nanoparticles in HUVEC 
primary cell viability.

10SINPS
150n

□ Untreated control
3 hours

EZI 7 hours
15 hours
30 hours

O T-inooo T-inooo i-ioooo i-inoco
3  1 - 1 -  T - - n -  T - T -  , - , -

Nanoparticle concentration (|ig/ml)

a. Cells were exposed to lOSINPs for 3, 7, 15, and 30 hours. Cell 
viability was reduced in a concentration-dependent manner after a 7-, 
15-, and 30-hour treatment. All values are mean ± SEIM of n > 3. 
One-way ANOVA: 3 hours (P > 0.05); 7 hours, 15 hours, 30 hours (P 
< 0.0001); Tukey-Kramer post test: **P  < 0.01, ***P  < 0.001; 
untreated control (UC) vs treatments.

SOSiNPs
150

□ Untreated control
EBBSa 3 hours
EZI 7 hours

15 hours
Esa 30 hours

O 1-oino 1-omo -i-oino i-oino 3  t-c\im  T-cMin t-cMin i-CMin

Nanoparticle concentration (|xg/ml)

b. Cells were exposed to 50SiNPs for 3, 7, 15, and 30 hours. All 
values are mean ± SEM of n > 3. One-way ANOVA: 3 hours, 7 hours, 
15 hours, 30 hours (P > 0.05); untreated control (UC) vs treatments.
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Nanoparticle concentration (|a.g/ml)

c. Cells were exposed to ISOSiNPs for 3, 7, 15, and 30 hours. All 
values are mean ± SEM of n > 3. One-way ANOVA: 3 hours, 7 hours, 
15 hours, 30 hours (P > 0.05); untreated control (UC) vs treatments.

SOOSiNPs
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O Untreated control
3 hours

EZl 7 hours
m 15 hours
ES3 30 hours

T I I I I I I I I I !  I I i I I  I 
o T-OOO T-OOO T-OOO T-OOO  
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Nanoparticle concentration ()ig/ml)

d. Cells were exposed to 500SINPs for 3, 7, 15, and 30 hours. All 
values are mean ± SEM of n > 3. One-way ANOVA: 3 hours, 7 hours, 
15 hours, 30 hours (P > 0.05); untreated control (UC) vs treatments.

As compared with the untreated control, viability of HUVEC 

cells, exposed to 10-|jg/m l lOSiNPs (Figure 25a), was significantly 

reduced to 81.79 ± 3.62 % after a 7-hour, 57.63 ± 2 . 1 1  % after a
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15-hour, and 45.88 ± 1.55 % after a 30-hour treatment. So did 18- 

Ijg/ml lOSiNPs 68.25 ± 3.55 %, 23.23 ± 3.34 %, and 51.95 ± 2.06 

% after a 7-, 15-, and 30-hour treatment respectively. However, 

equal nanoparticle concentrations did not statistically decrease cell 

viability after a 3-hour treatment. Larger particles (50SiNPs, 

150SiNPs and SOOSiNPs) did not statistically exacerbate cell death at 

any concentration tested (Figure 25b -  25d).

The approximate cell doubling time for HUVEC primary cells is 

28.5 hours. This may explain why the cytotoxicity of 18-|jg/ml 

lOSiNPs is significantly lower after a 30- than a 15-hour treatment. 

For the same reason, after a 15-hour treatment, the speed of cell 

death also slowed down in the case of lO-pg/ml lOSiNPs.

AMORPHOUS SILICA NANOPARTICLES INDUCE HUVEC 

PRIMARY CELLS TO PRODUCE FREE RADICALS

As oxidative stress and oxidant injury have been proposed as 

the most probable result of the cell-nanoparticle interactions I 

examined free radical generation resulting from endothelial cell- 

nanoparticle interaction.

First, a fluorometric assay served to assess cellular oxidative 

stress. The figure 26 shows the effects of a 1-hour treatment of cells 

with 10-|jg/ml lOSiNPs regarding to free radical production. Green 

fluorescence, resulting from intracellular oxidation of the free radical-
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sensitive probe carboxy-H2DFFDA by ROS and RNS, was detected by 

fluorescence microscopy.

Figure 26 | Free radical production induced by amorphous 
silica nanoparticles in HUVEC prim ary cells. Cells were exposed 
to 10-|jg/m l lOSiNPs and free radical production was observed by a 
fluorescence microscope (d); control cells (w ithout nanoparticles) 
were also visualized (b). The corresponding phase-contract 
micrographs of control (a) and treated (b) cells are also showed. 
Scale bars represent 100 pm.

As compared with the untreated control (Figure 26b), free 

radical production was induced in treated cells (Figure 26d). 

Consequently, it was demonstrated that silica nanoparticles induced 

free radical production what led to oxidative stress in HUVEC primary 

cells. Phase-contrast microscopy also showed a change in cellular 

morphology of treated cells (Figure 26c) when compared with 

untreated control (Figure 26a).
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AMORPHOUS SILICA NANOPARTICLES STIMULATE HUVEC 

PRIMARY CELLS TO RELEASE NO AND ONOO'

As amorphous silica nanoparticles induced free radical 

production (Figure 26) from endothelial cells, the next step was to 

identify some of these elements. Due to the ir crucial role in 

cardiovascular physiology and pathophysiology, NO and ONOO' 

released by endothelial cells following stimulation by silica 

nanoparticles were measured.

The figure 27 shows a representative measurement of NO and 

ONOO' released from a single endothelial cell following silica 

nanoparticle exposure.

100 nMONOO
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NO
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time, s

Figure 27 | Silica nanoparticles stim ulate directly production  
of NO and ONOO" from  a HUVEC cell. Representative recordings of 
NO and ONOO' after addition of 25-pg/m l lOSiNPs to cell culture. The 
NO and ONOO' were recorded with a tandum of NO/ONOO' 
nanosensors placed 5 ± 2 pm from the surface of a single cell. 
Measurements performed in collaboration with Prof Tadeusz Malinski 
and Dr Adam Jacoby (Ohio University, Athens, Ohio, USA).
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Silica nanoparticles stimulated directly production of NO and 

ONOO' from cells. After injection of 25-|jg/m l lOSiNPs, a rapid 

release of both NO and ONOO' from a single HUVEC cell was 

observed. A maximum of 340 ± 25 nanomoles of ONOO' per litre was 

recorded after 200 ± 20 ms. A maximum of 120 ± 10 nanomoles of 

NO per litre was observed after 400 ms. After that, both 

concentrations decreased to a level of about 100 nanomoles per litre 

for ONOO' and to about 75 nanomoles per litre for NO. These 

concentrations decreased slowly to reach an undetectable level after 

60 seconds.

The figures 28 and 29 show maximum NO and ONOO' release 

from a single endothelial cell resulting from direct stimulation by silica 

nanoparticles.
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Figure 28 | Maximum ONOO' and NO release from  a single 
HUVEC cell stim ulated by silica nanoparticles. Exposure of 
endothelial cells to lOSiNPs (a, red), 50SiNPs (b, green), ISOSiNPs 
(c, blue), and SOOSiNPs (d, pink) stimulated release of ONOO' 
(squares) and NO (circles). All values are mean ±  SEM of n > 3. 
One-way ANOVA: a, b, c, d (NO, ONOO'; P < 0.0001); Tukey-Kramer 
post test: *P < 0.05, **P  < 0.01, * * * p  < 0.001; 1-pg/m l vs 
treatments; ^P < 0.05, '^^P  < 0.01; 25-[jg/m l 50SiNPs vs 50-pg/m l 
SOSiNPs, 100-[jg/m l 50SiNPs (b). Measurements performed in 
collaboration with Prof Tadeusz Malinski and Dr Adam Jacoby (Ohio 
University, Athens, Ohio, USA).

The NO release, as a response to silica nanoparticle stimulation, 

represents the maximum NO concentration released from a single 

cell. The NO release from HUVEC cells exposed to lOSiNPs 

significantly increased at concentrations greater than 18 pg/m l. On 

the other hand, 50SiNP stimulation of cells demonstrated the greatest 

NO release at a concentration of 25 pg/ml. The use of 150SiNP and
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SOOSiNP stimulation of cells also showed significant increases in NO 

but only with a nanoparticle concentration of 200 |jg/ml (Figure 28).

The ONOO" release, as a response to silica nanoparticle

stimulation, represents the ONOO' concentration released from a 

single cell. The ONOO' release from lOSiNP and 50SiNP stimulated 

cells increased significantly at concentrations greater than 10 pg/ml 

and 50 pg/ml respectively. The use of ISOSiNP and SOOSiNP 

stimulation of HUVEC cells showed increases in ONOO' at 

concentrations higher than 100 pg/ml (Figure 28).

a NO b ONOO-

Figure 29 | Comparative maximum NO and ONOO' release 
from a single cell stimulated by silica nanoparticles. For a
clearer view, the maximum NO (a) and ONOO' (b) release from 
endothelial cells exposed to lOSiNPs (red), SOSiNPs (green), 
ISOSiNPs (blue), and SOOSiNPs (pink) are plotted on the same 
graph. All values are mean ± SEM of n > 3. One-way ANOVA; P = 
0.0212; Tukey-Kramer post test: *P < O.OS; SO-pg/ml SOOSiNPs vs 
SO-fjg/ml ISOSiNPs, SO-pg/ml SOSiNPs (b). Two-tails unpaired 
Student's t-tests: ^ ^ '^ p  < 0.001; 2S-pg/ml SOSiNPs vs 2S-|jg/ml 
lOSiNPs. Measurements performed in collaboration with Prof Tadeusz 
Malinski and Dr Adam Jacoby (Ohio University, Athens, Ohio, USA).

2S-jjg/ml lOSiNPs induced a significantly higher ONOO' release 

from cells than that of 2S-[jg/ml SOSiNPs. Cells stimulated by SO-
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pg/ml SOSiNPs significantly induced greater ONOO' release than that 

induced by 50-[jg/m l SOOSiNPs. 25-|jg/m l lOSiNPs induced a higher 

ONOO’ release from cells than those of 50-pg/m l SOSiNPs, ISOSiNPs, 

and SOOSiNPs (Figure 29).

AMORPHOUS SILICA NANOPARTICLES INDUCE NF-kB 

B IND IN G  AC TIVITY IN  HUVEC PRIMARY CELLS

In my transfer thesis studies I demonstrated that silica 

nanoparticles induced gene up-regulation of some inflammatory 

factors (ICAM l, VCAMl, SELE, MMP9) in an immortalized endothelial 

cell line. The transcription of these four genes into mRNA has been 

shown to be activated by transcription factor NF-kB Moreover, 

nanoparticle exposure to cells has been demonstrated to result in NF- 

kB binding activity activation Furthermore, NF-kB activity has 

been proved to be induced by oxidative stress in HUVEC cells 

Consequently, I tested if NF-kB is involved in silica nanoparticle- 

induced noxious effects in HUVEC primary cells.

As it is possible that the test material interferes with the 

technique of measurement, I included extra controls to avoid 

potential bias and ensure that NF-kB binding activity results shown 

are exclusively due to silica nanoparticle action. Absorbance readings 

of the reagents used to perform NF-kB (p6S) Transcription Factor 

Assay Kit did not change with the addition of nanoparticles in 

deionised ultra-pure water at any concentration used in my studies,
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indicating that silica nanoparticle did not interfere with this assay. 

Then, I analysed the effects of silica nanoparticles on NF-kB (p65) 

binding activity. Based on my cytotoxicity studies (Figure 25), I 

exposed HUVEC primary cells to 10-[jg/ml lOSiNPs for a hour as well 

as SO-pg/ml SOSiNPs, ISOSiNPs, and SOOSiNPs for 3 hours (Figure 

30).
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Figure 30 | Effects of amorphous silica nanoparticles on NF-kB 
binding activity. Endothelial cells were exposed to lO-pg/ml 
lOSiNPs, for 1 hour ( Ih ) ; and SO-pg/ml SOSiNPs, ISOSiNPs and 
SOOSiNPs, for 3 hours (3h). All values are mean ± SEM of n > 3. 
Two-tails unpaired Student's t-test: ^^-^p  < 0.001; untreated control 
(DC) vs treatment. One-way ANOVA: P = 0.0007; Tukey-Kramer post 
test: **P  < 0.01, * * *p  < 0.001; untreated control (DC) vs 
treatments.

Exposure of HUVEC cells to 10-pg/ml lOSiNPs (fold change 1.82 

± 0.03, as compared with the untreated control) for an hour and SO- 

Ijg/ml SOSiNPs (l.S  ± 0.09), and SO-pg/ml ISOSiNPs (1.33 ±  O.OS)
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for 3 hours, caused a significant increase of the NF-kB binding 

activity. In contrast, 50-|jg /m l SOOSiNPs did not significantly increase 

NF-kB activity in 3 hours.

AMORPHOUS SILICA NANOPARTICLES INDUCE GENE 

EXPRESSION OF IC A M l, VC A M l, SELE, MMP9, PTGS2, F3, IL 6 , 

and IL 8

I have already demonstrated (transfer thesis studies) by 

real-time qPCR that a 15-hour treatm ent of immortalized HUVEC cells 

with 10-ijg /m l lOSiNPs significantly up-regulated expression of the 

genes ICAMl (3.27 ± 0.20 folds, as compared with the untreated 

control), VCAMl (5.43 ± 0.43), SELE (4.60 ± 0.52), and MMP9 (4.14 

±  0.52). So did lOO-pg/ml 150SiNPs: ICAMl (17.61 ± 0.23), VCAMl 

(8.13 ± 0.27), SELE (30.03 ± 3.33), and MMP9 (10.50 ± 0.59). 

Consequently, I performed real-time qPCR to evaluate whether silica 

nanoparticles influence gene expression of some key endothelial 

mediators in inflammation and coagulation. Once more, I analyzed 

gene expression of endothelial adhesion molecules (ICAM l, VCAMl, 

and SELE) and the proteinase, MMP9. Besides, I also examined gene 

expression of the synthase, PTGS2; the key in itiator of coagulation, 

tissue factor (F3); and the cytokines, IL6 and IL8.

The figure 31 shows 3 representative real-time qPCR 

experiments which demonstrate that this technique did not interfere 

with the test material (silica nanoparticles) and rRNAlSS  could be
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used as a internal control (housekeeping gen) to examine endothelial 

gene expression in the present and absent of amorphous silica 

nanoparticles. In order to demonstrate non-interaction with 

nanoparticles, I performed real-time qPCR with RT-PCR grade water 

(Figure 31a) and 10-fjg/m l lOSiNPs (Figure 31b) and observed 

non-amplification of rRNAlSS, ICAM l, VCAMl, SELE, MMP9, PTGS2, 

IL6 and IL8. In contrast, logarithmic amplification of both SELE and 

rRNAlSS genes were observed, when real-time qPCR was performed 

on cDNA, which was obtained by reverse transcription of RNA, in 

turn, isolated from cells treated with silica nanoparticles (1-, 5-, 10-, 

18-ijg/m l lOSiNPs) and control cells (Figure 31c). Concentration- 

dependent up-regulation of SELE induced by nanoparticles, but not 

rRNAlSS, is shown in figure 31c. In addition, Q  values of both 

genes are located between amplification cycle 5 and 35. Therefore, 

real-time qPCR is suitable to study gene expression in the presence of 

silica nanoparticles; and also, rRNAlSS is suitable as internal control.
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Figure 31 | Representative traces from  real-tim e qPCR
analyses. Real-time qPCR was performed with RT-PCR grade water 
(a) and 10 [jg/m l lOSINPs (b). Real-time qPCR was also used to 
analyse gene expression of SELE and rRNAlSS in cells treated with 
silica nanoparticles and untreated control cells (c). The Y-axes 
represent fluorescence and the X-axes cycles of amplification of cDNA 
(40 in total). Red lines represent rRNAlSS] yellow, ICAMl) dark blue, 
VCAMl) pink, SELE\ grey, MMP9; orange, PTGS2; dark green, IL6; 
and bright green, IL8. The black arrows (c) point to the Q  value of 
rRNAlSS and SELE. The thick straight navy blue line (c) represents 
the fluorescence level at which Q  values were compared. The five 
pink lines (c) represent from right to left control, 1-, 5-, 10-, and 18- 
[jg/m l lOSiNPs; the five red lines (c) represent the same.

In order to examine silica nanoparticle-induced gene up- 

regulation in HUVEC primary cells, firs t I performed time-course real

time qPCR analyses. As lO -pg/m l lOSiNPs induced gene up- 

regulation in immortalized HUVEC cells, I treated HUVEC primary cells
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with 10-|jg/m l lOSiNPs for 3 and 7 (Figure 32) as well as 15 hours

(Figure 33, 34) base on my cytotoxicity studies (Figure 25).

Figure 32 | Effects of 1 0 -|jg /m l lOSiNPs on gene expression of 
IC A M l, VCAM l, SELE, MMP9, PTGS2, F3, IL 6 , and IL 8  a t 3 and 
7 hours.
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a. HUVEC primary cells were exposed to 10-pg/ml lOSiNPs for 3 
hours and gene expression of ICAM l, VCAMl, SELE, MMP9, PTGS2, 
F3, IL6 and IL8  was analyzed by real-time qPCR. All values are mean 
± SEM of n > 3. Two-tails unpaired Student's t-tests: P > 0.05; 
untreated control (UC) vs treatments.
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b. HUVEC primary cells were exposed to 10-pg/ml lOSiNPs for 7 
liours and gene expression of ICAM l, VCAMl, SELE, MMP9, PTGS2, 
F3, IL6 and IL8 was analyzed by real-time qPCR. All values are mean 
± SEM of n > 3. Two-tails unpaired Student's t-tests: *P < 0.05, **P  
< 0.01, * * * p  < 0.001; untreated control (DC) vs treatments.

Gene expression of ICAMl (fold change 5.58 ± 0.38, as 

compared with the untreated control), SELE (5.42 ± 0.23), PTGS2 

(4.77 ± 0.52), F3 (4.31 ± 0.41), IL8  (2.91 ± 0.43), and VCAMl (2.37 

± 0.08) were all significantly up-regulated after a 7-hour treatment. 

In contrast, MMP9 and IL6 were not. On the other hand, gene 

expression was not induced after 3 hours treatm ent. A 15-hour 

treatm ent of endothelial cells with 10-|jg /n il lOSiNPs reported the 

highest gene up-regulation of all (Figure 33, 34).

Based on my time-course real-time qPCR analyses, I performed 

a concentration-course study at 15 hours to evaluate the influence of 

various concentrations of lOSiNPs on HUVEC primary cells. 

Furthermore, I also evaluated the influence of various concentrations
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of SOSiNPs, 150SiNPs, and 500SiNPs at the same time point (Figure 

33, 34).

Tlie figure 33 shows a concentration-course analysis (at 15 

hours) by real-time qPCR on the expression of the genes ICAM l, 

VCAMl, SELE, and MMP9 of treated HUVEC primary cells with 

lOSiNPs, SOSiNPs, ISOSiNPs, and SOOSiNPs. These genes were 

significantly up-regulated by lO -pg/m l lOSiNPs and lOO-pg/ml 

ISOSiNPs in immortalized HUVEC cells, as reported in my transfer 

thesis.

Figure 33 | Effects of silica nanoparticies on gene expression  
of IC A M l ,  V C A M l, SELE, and M M P9  a t 15 hours.
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a. HUVEC primary cells were exposed to silica nanoparticies for IS 
hours and ICAMl gene expression was quantified by real-time qPCR. 
All values are mean ± SEM of n > 3. One-way ANOVA: lOSiNPs, 
SOSiNPs, ISOSiNPs, SOOSiNPs (P < 0.0001); Tukey-Kramer post test: 
**P  < 0.01, * * * p  < 0.001; untreated control (UC) vs treatments.
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b. HUVEC cells were exposed to silica nanoparticles fo r 15 hours and 
VCAMl gene expression was quantified by rea l-tim e qPCR. All values 
are mean ±  SEN of n > 3. One-way ANOVA: lOSiNPs (P = 0 .0003); 
50SiNPs, ISOSiNPs (P < 0 .0001); SOOSiNPs (P = 0 .0015); Tukey- 
Kramer post test: * *P  < 0.01, * * * p  < 0.001; untreated control (UC) 
vs treatm ents.
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c. HUVEC cells were exposed to silica nanoparticles fo r 15 hours and 
SELE gene expression was quantified by rea l-tim e qPCR. All values 
are mean ±  SEM of n > 3. One-way ANOVA: lOSiNPs (P < 0 .0001); 
SOSiNPs (P = 0 .0002); ISOSiNPs (P < 0 .0001); SOOSiNPs (P = 
0 .0022); Tukey-Kram er post test: * *P  < 0.01, * * * p  < 0.001; 
untreated control (UC) vs treatm ents.
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d. HUVEC cells were exposed to silica nanoparticles for 15 hours and 
MMP9 gene expression was quantified by real-time qPCR. All values 
are mean ±  SEM of n > 3. One-way ANOVA: lOSiNPs (P < 0.0001); 
SOSiNPs (P = 0 .0344); ISOSiNPs (P < 0 .0001); SOOSiNPs (P = 
0.0031); Tukey-Kramer post test: *P < 0.05, * *P  < 0.01, * * * p  < 
0.001; untreated control (DC) vs treatments.

Statistically significant gene expression up-regulation (fold 

increase) resulting from exposure of HUVEC primary cells to silica 

nanoparticles are shown in table 2.

The figure 34 shows the concentration-course analysis (at 15 

hours) by real-time qPCR on the expression of the genes PTGS2, F3, 

IL6, and IL8 of treated HUVEC primary cells with lOSiNPs, 50SiNPs, 

150SiNPs, and 500SiNPs.
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Figure 34 | Effects of silica nanoparticles on gene expression  
of PTGS2, F3, IL 6 , and IL 8  a t 15 hours.
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a. HUVEC cells were exposed to silica nanoparticles for 15 hours and 
PTGS2 gene expression was quantified by real-time qPCR. All values 
are mean ± SEM of n > 3. One-way ANOVA: lOSiNPs, SOSiNPs, 
ISOSiNPs, SOOSiNPs (P < 0.0001); Tukey-Kramer post test: **P  < 
0.01, * * * p  < 0.001; untreated control (UC) vs treatments.
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b. HUVEC cells were exposed to silica nanoparticles for 15 liours and 
F3 gene expression was quantified by real-time qPCR. All values are
mean ±  SEN of n > 3. One-way ANOVA: lOSiNPs (P < 0 .0001);
SOSiNPs (P = 0 .0009); 150SiNPs (P < 0 .0001); SOOSiNPs (P = 
0 .0168); Tukey-Kramer post test: *P < O.OS, * *P  < 0.01, * * * p  < 
0.001; untreated control (UC) vs treatments.
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c. HUVEC cells were exposed to silica nanoparticles for 15 hours and 
IL6 gene expression was quantified by real-time qPCR. All values are 
mean ±  SEN of n > 3. One-way ANOVA: lOSiNPs (P < 0 .0001);
SOSiNPs (P = 0 .0086); ISOSiNPs (P < 0 .0001); SOOSiNPs (P =
0 .0 09 2 ); Tukey-Kramer post test: *P < 0.05, * * * p  < 0 .001;
untreated control (UC) vs treatments.
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d. HUVEC cells were exposed to silica nanoparticles for 15 hours and 
IL8 gene expression was quantified by real-time qPCR. All values are 
mean ± SEM of n > 3. One-way ANOVA: lOSiNPs, 50SiNPs, 
150SiNPs, SOOSiNPs (P < 0.0001); Tukey-Kramer post test: *P < 
0.05, * * * p  < 0.001; untreated control vs treatments.

As compared with the untreated control, statistically significant 

gene expression up-regulation (fold increase) of ICAM l, VCAMl, 

SELE, MMP9, PTGS2, F3, IL6, and IL8  resulting from exposure of 

HUVEC cells to silica nanoparticles are shown in table 2.
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10- 18- 5 0 - 5 0 - 1 0 0 - 1 0 0 -
lO SiNPs lO SiNPs SOSiNPs ISOSiNPs 150SiN Ps 500S iN Ps

ICAM l 22.12±1.90 14.40±2.95 15.21±0.93 11.67±0.50 38.03±2.12 14.46±1.35
VCAMl 3.61±0.49 ns 3.76±0.27 4.98±0.30 15.78±1.05 3.21±0.72

SELE 24.66±4.70 69.29±3.53 16.47±2.49 16.35±2.59 99.14±4.17 8.54±2.37
MMP9 4.94±0.44 15.08±0.92 2.94±0.56 3.01±0.32 5.41±0.62 5.47±1.37
PTGS2 42.57±2.84 165.1±11.56 18.20±3.16 8.20±0.58 22.19±0.83 8.35±1.40

F3 9.50±0.69 13.17±0.60 2.19±0.22 1.90±0.04 3.60±0.23 1.66±0.24
IL6 2.31±0.09 8.62±0.26 3.07±0.80 2.27±0.04 9.02±0.30 1.46±0.11
IL8 89.62±4.40 199.40±3.62 113.6±6.04 47.05±5.12 239.00±17.21 22.06±3.16

Table 2 | Real-tim e qPCR analyses of HUVEC cells exposed to 
silica nanoparticles. Endothelial cells were treated with silica 
nanoparticles (various concentrations) for 15 hours and gene 
expression analyzed by real-time qPCR. As compared with untreated 
control, statistically significant gene fold increases are shown in this 
table. All values are mean ± SEM. lO-lOSiNPs, lO -pg/m l lOSiNPs; 
18-lOSiNPs, 18-ijg/m l lOSiNPs; 50-50SiNPs, SO-pg/ml 50SiNPs; 50- 
ISOSiNPs, 50-ijg /m l 150SiNPs; 100-150SiNPs, 100-|jg/m l ISOSiNPs; 
100-500SiNPs, lOO-pg/ml 500SiNPs.

AMORPHOUS SILICA NANOPARTICLE INDUCE RELEASE OF THE 

CYTOKINES IL 6  AND IL8

I have already demonstrated (transfer thesis studies) that 

IL8 release into cell culture media significantly increased (2.38 ± 0.13 

folds) when immortalized HUVEC cells were exposed for 15 hours to 

100-fjg/m l 150SiNPs as shown by CBA analyses. Furthermore, silica 

nanoparticles induced the up-regulation of IL6 and IL8 gene 

expression in HUVEC primary cells (Figure 32 , 34). Consequently, I 

performed CBA on HUVEC primary cells treated with nanoparticles for 

15 hours to demonstrate that cytokines up-regulation is also 

observed at protein level.

Although, I also analyzed the release of IL1I3, ILIO, TNFa, and 

IL12p70 into the culture media, the level of these molecules 

remained below the detection lim it of the technique (20 pg/m l); and 

therefore, they were not taken into account.



The figure 35 shows traces of two representative CBA studies 

that demonstrate that this technique did not interfere with the test 

material (silica nanoparticles) and therefore could be used to analyse 

protein release in the present and absence of silica nanoparticles. 

Analysis by CBA with deionised ultra-pure water (Figure 35a) and 

10-pg/ml lOSiNPs in deionised ultra-pure water (Figure 35b) did not 

show differences proving no interference.

b

Figure 35 | Representative traces from  CBA analyses. Deionised 
ultra-pure water (a) and lO -pg/m l lOSiNPs in deionised ultra-pure 
water (b) are represented. Bars pointed by the red arrows represent 
the cytokines detected by the Human Inflam m atory Cytokine kit. 
From top to bottom: IL8, IL16, IL6, ILIO, TNFa, and IL12p70. A shift 
of a particular bar from left to right in the X-axis indicates an 
increased in concentration of this cytokine.

As nanoparticles did not interfere with CBA analyses, I analyzed 

the released of the cytokines IL6 and IL8 into the culture supernatant 

of control cells and cells treated with lOSiNPs, BOSiNPs, 150SiNPs, 

and SOOSiNPs for 15 hours (Figure 36).
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Figure 36 | Effects of silica nanoparticles on the release of the  
cytokines IL 6  and IL 8  at 15 hours.

i ii iii

^  n f i* I  > _• m - "

a. Representative traces from CBA analyses (i, control; ii, 10-|jg/m l 
lOSiNPs; iii, lO -pg/m l SOOSiNPs) showing detection of IL6 and IL8. 
As compared with the untreated control (i), a shift of the green bars 
representing IL8 (red arrow) and IL6 (blue arrow) from left to right in 
the X-axis indicate an increase in cytokine release when cells were 
exposed to lO -pg/m l lOSiNPs (ii). In contrast, lO -fjg /m l SOOSiNPs 
did not produce an increase in cytokine release (iii).
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b. HUVEC cells were exposed to silica nanoparticles for 15 hours and 
released IL6 was analyzed by CBA. All values are mean ± SEM of n > 
3. One-way ANOVA: lOSiNPs, SOSiNPs, ISOSiNPs, SOOSiNPs (P < 
0.0001); Tukey-Kramer post test: * * * p  < 0.001; untreated control 
(DC) vs treatments.
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c. HUVEC cells were exposed to silica nanoparticles for 15 hours and 
released IL8 was analyzed by CBA. All values are mean ± SEM of n > 
3. One-way ANOVA: lOSiNPs, SOSiNPs, ISOSiNPs, SOOSiNPs (P < 
0.0001); Tukey-Kramer post test: **P  < 0.01, * * * p  < 0.001; 
untreated control (DC) vs treatments.

As compared with the untreated control, statistically significant 

increased release of the cytokines IL6 and IL8 into the cell culture 

media (fold increase) resulting from exposure of HUVEC cells to silica 

nanoparticles are shown in table 3.
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10-
lO SiN Ps

18-
lO SiNPs

5 0 -
SOSiNPs

50 -
150SiN Ps

1 0 0 -
150S iN P s

1 00-
500S iN P s

IL6
IL8

3 .9 7 ± 0.03
10 . 19± 0.64

5 .8 5 ± 0.67
9 .28 ± 0.58

3 .39± 0.15
9 .6 3 ± 1.38

2 .6 3 ± 0.07
5 .80 ± 0.73

6 .8 2 ± 0.08
17 . 56 ± 1.59

2 .4 3 ± 0.08
5 .31± 0.58

Table 3 | CBA t im e -c o u r se  a n a ly s is  o f  HUVEC ce lls  e x p o se d  to  
silica nanop artic les .  Endothelial cells were treated with silica 
nanoparticle for 15 hours and IL6 and IL8 released into the cell 
culture analyzed by CBA. As compared with untreated control, 
statistically significant gene fold increases are shown in this table. All 
values are mean ± SEM. lO-lOSiNPs, lO-pg/ml lOSiNPs; 18-lOSiNPs, 
18-ijg/ml lOSiNPs; 50-50SiNPs, SO-pg/ml SOSiNPs; 50-150SiNPs, 50- 
Mg/ml 150SiNPs; 100-150SiNPs, lOO-pg/ml ISOSiNPs; 100-500SiNPs, 
100-ijg/ml SOOSiNPs.

UPTAKE OF AMORPHOUS SILICA NANOPARTICLES BY HUMAN 

PLATELETS

It has been demonstrated tha t  platelet function is influenced by 

exposure to nanoparticles Consequently, I tes ted if silica

nanoparticles also affected platelet function.

First, I studied silica nanoparticle-platelet interactions by TEM 

(Figure 37 ) . For this, washed platelets were exposed to 10-|jg/ml 

lOSiNPs in an aggregometer ,  platelet aggregation was terminated at 

30% maximal response, and then platelets were fixed for TEM and 

micrographs taken (Figure 3 7b  - 37d). Untreated platelets (without 

nanoparticles) were also prepared (Figure 37a).
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Figure 37 | Silica nanoparticles interact with human platelets.
Platelet aggregation was terminated at 30% maximal response, as 
determined using an aggregometer, fixed for TEM and examined by a 
transmission electron microscope (b - d); resting platelets (control, 
without nanoparticles) were also prepared (a). Scale bars represent 
500 nm in a, c, and d; and 100 nm in b. Silica nanoparticles, SiNPs; 
platelet granule, gr.

As exposed to platelets, silica nanoparticles quickly interacted 

with the membrane (Figure 37b) and internalized (Figure 37c, 

37d). In contrast with the case of endothelial cells (Figure 24), 

nanoparticles encapsulated into vesicles were not observed into 

platelets. Platelets without granules (Figure 37c), indicating platelet 

activation, were found. As in the case of endothelial cells (Figure 

24), nanoparticles were found forming agglomerates.
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AMORPHOUS SILICA NANOPARTICLES INDUCE

G P I Ib / I I Ia  ACTIVATION IN  WASHED PLATELETS

The figure 38 shows silica nanoparticle effects on G PIIb/IIIa 

activation on the platelet surface membrane in washed platelet 

preparations as measured by flow cytometry. The test material did 

not interfere with this technique. The FACSArray™ analyzer did not 

detect the silica nanoparticles used in my studies.

Figure 38 | Effects of silica nanoparticles on G P I Ib / I I Ia  
activation.

i iii

a. Representative traces from flow cytometry analyses: i, resting 
platelets (untreated control); ii, collagen-induced G PIIb/IIIa 
activation (positive control); iii, 50-[jg/m l SOSiNPs did not induce 
GPIIb/IIIa activation; Iv, 100-pg/ml SOSiNPs induced G PIIb/IIIa 
activation.
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b. Washed platelet preparations were exposed to silica nanoparticle 
and GPIIb/IIIa activation was analyzed by flow cytometry. All values 
are mean ± SEM of n > 3. One-way ANOVA: lOSiNPs (P < 0.0001); 
SOSiNPs (P = 0.0081); ISOSiNPs, SOOSiNPs (P > 0.05); Tukey- 
Kramer post test, **P < 0.01, ***p < 0.001; untreated control (UC) 
vs t rea tments .

AMORPHOUS SILICA NANOPARTICLES INDUCE SELP 

EXPRESSION IN WASHED PLATELETS

The figure 39  shows silica nanoparticle effects on SELP 

expression on the platelet surface mem brane  in washed platelet 

preparations.
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Figure 39 | Effects of silica nanoparticies on SELP expression.

V  ir- -  -  .  ^  1 ^

a. Representative traces from flow cytometry analyses: i, resting 
platelets (untreated control); ii, collagen-induced SELP expression 
(positive control); iii, 10-pg/ml 50SiNPs did not induce SELP 
expression; iv, lO-pg/ml lOSiNPs induced SELP expression.
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b. Washed platelet preparations were exposed to silica nanoparticle 
and SELP expression was analyzed by flow cytometry. All values are 
mean ± SEM of n > 3. One-way ANOVA: lOSiNPs (P < 0.0001); 
SOSiNPs (P = 0.0007); ISOSiNPs (P = 0.0035); SOOSiNPs (P = 
0.0067); Tukey-Kramer post test, **P < 0.01, * * *p  < 0.001; 
untreated control (UC) vs treatments.
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AMORPHOUS SILICA NANOPARTICLES INDUCE PLATELET

AGGREGATION IN  WASHED PLATELETS

The figure 40 shows silica nanoparticle effects on platelet

aggregation in washed platelet preparations.
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Figure 40 | Effects of silica nanoparticles on p latelet
aggregation. Representative traces from aggregometry analyses: a, 
collagen-induced platelet aggregation, TEM micrographs indicate 
platelet state (resting, activated, aggregated) in each section of the 
graph; b, blue, collagen (positive control); red, lO -pg/m l lOSiNPs; 
green, 25-jjg /m l lOSiNPs; and black, 1-pg/m l lOSiNPs; c, blue, 
collagen; red, lOO-pg/ml SOOSiNPs; green, 200-pg/m l SOOSiNPs; and 
black, 2S-[jg/ml SOOSiNPs. d. Washed platelet preparations were 
exposed to silica nanoparticles and platelet aggregation was analyzed 
by aggregometry. All values are mean ± SEN of n > 3. One-way 
ANOVA: lOSiNPs (P < 0.0001); SOSiNPs (P = 0.0329); ISOSiNPs (P = 
0.0219); SOOSiNPs (P > O.OS); Tukey-Kramer post test, *P < 0.05, 
* * *P  < 0.001, untreated control (0 % aggregation) vs treatments.
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As compared with the untreated control (w ithout 

nanoparticles), lO -pg/m l lOSiNPs induced a significant increase in 

G PIIb /IIIa  activation (6.25 ± 1.29 folds) (Figure 38b) and SELP 

expression (9.52 ± 1.81 folds) (Figure 39b) on the platelet surface 

membrane as measure by flow cytometry. Equal nanoparticle and 

concentration also induced an 81.79 ± 2.30 % of platelet aggregation 

(Figure 40d ), as measured by aggregometry. In contrast, 10-jjg/m l 

50SiNPs did not significantly induce G PIIb/IIIa activation (Figure 

38b), SELP expression (Figure 39b) or platelet aggregation (Figure 

40d). As compared with the untreated control 25-pg/m l lOSiNPs 

significantly induced G PIIb/IIIa  activation (Figure 38b), SELP 

expression (Figure 39b), and platelet aggregation (Figure 40d). 

However, effect of 25-pg/m l lOSiNPs on G PIIb/IIIa activation, SELP 

expression, and platelet aggregation was not significantly higher than 

that of lO -pg/m l lOSiNPs; being even significantly smaller in the case 

of platelet aggregation (Figure 40d). As compared with the 

untreated control, platelets exposed to a high concentration of 

50SiNPs (100 pg/m l) significantly induced G PIIb /IIIa  activation 

(Figure 38b ), SELP expression (Figure 39b), and platelet 

aggregation (Figure 40d). 200-[jg /m l 150SiNPs did significantly 

induced SELP expression (Figure 39b) and platelet aggregation 

(Figure 40d ), but not G PIIb/IIIa activation (Figure 38b). 200-ijg/m l 

500SiNPs did significantly induce SELP expression (Figure 39b), but
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did not GPIIb/IIIa activation (Figure 38b) and platelet activation 

(Figure 40d).

EFFECTS OF AMORPHOUS SILICA NANOPARTICLES ON SELP IN  

PRP

The figure 41 shows silica nanoparticle effects on SELP 

expression by silica nanoparticles in PRP.

Figure 41 | Silica nanoparticles induce SELP expression on the 
platelet surface membrane when added to PRP.

a. Representative traces from flow cytometry analyses: i, resting 
platelets (untreated control); ii, collagen-induced SELP expression 
(positive control); iii, 200-|jg/ml ISOSiNPs did not induce SELP 
expression; iv, 200-[jg/ml lOSiNPs induced SELP expression.
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b. Platelet-rich plasma was exposed to silica nanoparticles and SELP 
expression was analyzed by flow cytometry. All values are mean ± 
SEM of n > 3. One-way ANOVA: lOSiNPs (P = 0.0002); Tukey- 
Kramer post test, * * *P  < 0.001; untreated control (DC) vs 
treatments. Two-tail unpaired Student's t-tests: P > 0.05; untreated 
control vs 200-[jg /m l SOSiNPs, 200-|jg/m l 150SiNPs, 200-pg/ml 
500SiNPs.

EFFECTS OF AMORPHOUS SILICA NANOPARTICLES ON 

PLATELET AGGREGATION IN  PRP

The figure 42  shows silica nanoparticle effects on platelet 

aggregation by nanoparticles in PRP.
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Figure 42 | Representative traces from aggregometry studies
in PRP. Collagen (blue) was used as a positive control. lOSINPs 
(red), SOSiNPs (black), and ISOSiNPs (green) did not induce platelet 
aggregation when added to PRP at a concentration of 200 pg/ml. 
Lower concentration did not either induce platelet aggregation.

As compared with the untreated control, 200-|jg/ml lOSiNPs 

induced a statistically significant SELP expression on platelet surface 

membrane (3.34 ± 0.58 folds) when added to PRP (Figure 41b). In 

contrast, lOSiNPs at concentrations lower than 200-|jg/ml as well as 

200-[jg/ml SOSiNPs, ISOSiNPs, and SOOSiNPs did not induce 

significant SELP expression (Figure 41b), as measure by flow 

cytometry. Interestingly, silica nanoparticles even at 200-|jg/ml were 

not able to induce platelet aggregation as measured by aggregometry 

(Figure 42).

AMORPHOUS SILICA NANOPARTICLES STIMULATE HUMAN 

PLATELETS TO RELEASE NO AND ONOO' IN  PRP

Nitric oxide and peroxynitrite released from human platelets 

were measured as silica nanoparticles were added to PRP. The



figures 43 and 44  show the maximum release of NO and ONOO' 

from human platelets as a direct response to silica nanoparticle 

stimulation.
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Figure 43 | Maximum ONOO' and NO release from  platelets as 
silica nanoparticles w ere added to PRP. Addition of lOSiNPs (a, 
red), SOSiNPs (b, green), ISOSiNPs (c, blue), and SOOSiNPs (d, 
pink) induced production and release of ONOO' (squares) and NO 
(circles). All values are mean ± SEM of n > 3. One-way ANOVA: a 
(NO, ONOO', P > O.OS); b (NO, P = 0.0053; ONOO', P = 0.0094); c 
(NO, P > O.OS; ONOO', P = 0.0002); d (NO, P = 0.0081; ONOO', P = 
0.0007); Tukey-Kramer post test: *P < 0.05, **P  < 0.01, * * * p  < 
0.001, when compared with human platelets exposed to 
nanoparticles at a concentration of l-p g /m l (a), 10-pg/ml (b), and 
2S-pg/ml (c, d). Measurements performed in collaboration with Prof 
Tadeusz Malinski and Dr Adam Jacoby (Ohio University, Athens, Ohio, 
USA).

Nitric oxide release, as a response to silica nanoparticle 

stimulation, represented the maximum NO concentration raised from
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PRP. Stimulated NO released from platelets directly stimulated by 

lOSiNPs did not significantly increased at any concentration tested. 

50-nm silica nanoparticles induced a maximum NO release at a 

concentration of 50 pg/m l. 150-nm silica nanoparticles did not 

significantly increase NO release from cells at any concentration 

tested while 500-nm did at a concentration of 200-pg/m l (Figure 

43).

Peroxynitrite release, as a response to silica nanoparticle 

stimulation, represented the ONOO' concentration released from PRP. 

Again, lOSiNPs did not significantly stimulate ONOO" release from 

platelets at any concentration tested. The exposure to BOSiNPs and 

ISOSiNPs significantly stimulated platelets to release ONOO' at a 

concentration higher than 100 pg/m l. 500-nm silica nanoparticles did 

so at a concentration of 200 pg/ml (Figure 43).
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Figure 44 | Comparative maximum ONOO' and NO release 
from platelets as silica nanoparticles were added to PRP. For a
clearer view, the maximum NO (a) and ONOO- (b) release from 
human platelets as lOSiNPs (red), SOSiNPs (green), ISOSiNPs 
(blue), and SOOSiNPs (pink) when added to PRP are plotted on the 
same graph. All values are mean ± SEM of n > 3. Two-tails unpaired 
Student's t-test: **P < 0.01; 200-pg/ml ISOSiNPs vs ZOO-pg/ml 
SOOSiNPs. Measurements performed in collaboration with Prof 
Tadeusz Malinski and Dr Adam Jacoby (Ohio University, Athens, Ohio, 
USA).

Interestingly, stimulation of platelets by 200-[jg/ml SOOSiNPs 

was significantly higher than that of ISOSiNPs. This tendency was 

also observed when these nanoparticles were used at 2S and 100 

|jg/m l (Figure 44).
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DISCUSSION

There is increasing evidence tha t  the exposure of humans to 

FPs, especially UFPs, adversely affects the cardiorespiratory system. 

Indeed, apart  from causing respiratory diseases airborne PM2.5 is 

able to deposit deep in the lungs and reach extra-pulmonary 

tissues. Moreover, it is increasingly recognized that  e lements  of the 

cardiovascular system are targeted by FPs, especially UFPs; and the 

smaller the particle is in size, the easier it reaches its target 

Furthermore, Miller, K. A. et al. (2007) published a cohort study on 

long-term exposure of women to ambient FPs in 36 U.S. metropolitan 

areas  (1994 -  1998), showing that  each increase of 10 pg of FPs per 

cubic metre  of air was associated with a 24% increase in the risk of a 

cardiovascular event, a 76% increase in the risk of death  from 

cardiovascular disease,  and a 35% increase in the risk of 

cerebrovascular events.

The human population is progressively exposed to a higher 

amount and variety of nanoparticles, as nanotechnology is used in a 

fast-growing number of applications and industries (e.g. computing, 

electronic, and high-tech manufacturing). Also, the release of high 

amounts  of nanoparticles in an enclosed environment may be of 

grand concern for workers (e.g. airline crews and hardware 

engineering)

Although no official data on ambient airborne concentrations of

amorphous silica nanoparticles is available human population
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might be exposed to these nanoparticles via inhalation, in all their 

varieties: nano-objects as well as incidental and engineered

nanoparticles. Silica nanoparticles can arise from volcanic eruptions 

(e.g. Eyjafjallajokull volcanic system) and others natural sources; as 

well as, industrial and farming emissions. Engineered amorphous 

silica nanoparticles are produced and applied in a large scale They 

are used in food and feed industries and also added to cosmetics. 

Consequently, exposure of humans to these nanoparticles, via 

ingestion and skin application, is also a real issue. Furthermore, 

amorphous silica nanoparticles are being tested to be used in 

nanomedicine (e.g. drug delivery systems, imaging) and other areas 

of nanotechnology. As a result, the number of applications of these 

nanoparticles, along with their exposure to human population, will 

grow further in a near future. Therefore, it is necessary to 

undoubtedly ensure tha t synthetic amorphous silica nanoparticles are 

safe for humans.

In my transfer thesis as part fu lfilm ent of the degree of 

Doctorate of Philosophy (defended on September 4'̂ '̂ , 2009) I 

demonstrated the ability of silica nanoparticles to induce 

inflammatory responses in immortalized HUVEC cells in vitro. Gene 

expression of ICAMl, VCAMl, SELE, and MMP9 was up-regulated by 

10-nm (lO -pg/m l in ceil culture media) and 150-nm (100-pg/m l) 

silica nanoparticles; the latter also increased IL8 release into the cell 

culture media. Silica nanoparticle-cell interaction was also
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demonstrated by using fluorescence silica particles. These results 

demonstrated that amorphous silica nanoparticles were noxious for 

endothelial cells; however, they left many unanswered questions: do 

silica nanoparticles internalize or remain on the plasma membrane? If  

they get into the cell, how do they internalize and where do they 

locate? How are these nanoparticles able to up-regulate ICAMl, 

VCAMl, SELE, and MMP9 gene expression? Do silica nanoparticles 

induce up-regulation of other endothelial genes? Are free radicals 

involved? Do noxious effects depend on particle size? Are silica 

nanoparticles toxic for other blood elements?

To address these important questions in my thesis studies, I 

explored in depth silica nanoparticle-induced toxicity in human 

endothelial cells to find an explanation underpinning silica 

nanoparticle noxious effects. As in my transfer thesis studies, I tested 

10- and 150-nm silica nanoparticles. In addition, I included two more 

commercially available amorphous silica nanoparticle sizes (50 nm 

and 500 nm). Moreover, in order to confirm the data obtained using 

the immortalized HUVEC cells, I have now used a HUVEC primary cell 

line. Once more, I used HUVEC cells because this cell line has been 

used as a reference for in vitro studies of endothelial cell function, 

since Jafee, E. A. et al. (1973) developed a procedure to isolate 

them from the umbilical cord by collagenase digestion. As platelets, 

along with endothelial cells, play a crucial role in physiology and
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pathophysiology of the cardiovascular system, I also studied the 

effects of silica nanoparticles on human platelets.

As significant deviations from commercial specifications on 

various nanoparticles have been reported prior to my studies on 

the effects of nanoparticles on HUVEC primary cells and human 

platelets, I re-evaluated two key nanoparticle characteristics (size 

and zeta potential) in deionised ultra-pure water. The four 

nanoparticles, which I used in my studies, met the criterion of charge 

for which they were purchased. Silica nanoparticles bore a strong 

negative surface charge (i^-potentials were smaller than -38 mV). On 

the other hand, hydrodynamic particle sizes measured by a zetasizer 

were larger than those provided by the manufacturer. All particles 

suspended in water bear a hydration layer on their surface; and a 

zetasizer measures hydrodynamic size (i.e. particle size + hydration 

layer) rather than absolute size (i.e. particle size). Differences 

between zetasizer and commercial measurements were greater for 

lOSiNPs and SOSiNPs than for ISOSiNPs and SOOSiNPs. This may be 

explained because of nanoparticle aggregation, different conditions of 

measurement and/or different technique of measurement.

One of the most remarkable characteristics of silica 

nanoparticles is their extremely high stability. They are able to break 

even the ultra-microtome diamond knife used to cut sections of 

samples for TEM studies. In my studies, nanoparticle hydrodynamic
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size and zeta potentials remain unchanged for up to one year and a 

half.

Furthermore, all silica nanoparticles used in my studies had the  

same manufacturing batch number, indicated that they were 

synthesized exactly in the same conditions. This point is crucial to 

compare experimental results.

EFFECTS OF AMORPHOUS SILICA NANOPARTICLES IN  HUMAN 

ENDOTHELIAL CELLS

During my studies leading to my transfer examination I 

found using fluorescence microscopy that silica nanoparticles 

remained associated with HUVEC cells following nanoparticle-cell 

incubations. I have now used TEM to investigate in detail 

nanoparticle-cell interactions. As nanoparticles tend to aggregate, 

protein corona fluid characteristics, hydrophobicity, and zeta 

potentials can all influence the tendency of nanoparticles to 

agglomerate This is consistent with my TEM studies that showed 

silica nanoparticles forming agglomerates. Synthetic amorphous silica 

nanoparticles pose a high surface-area-to-volum e ratio, which 

increases in the opposite direction to size. This property allows 

adsorption of organic molecules and macromolecules such as 

proteins, lipids, and nucleic acids on their surfaces, what may 

interfere with normal cell physiology. Thus, this high ratio, which 

makes nanoparticles very useful in industry, also turns them very
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reactive in the cellular environment. Adsorption of proteins at 

nanoparticle surfaces spontaneously occurs as soon as particles are 

placed in a protein solution. It  has been shown that protein corona, 

thus formed, may have fundamental significance for 

bionanointeractions The common forms of amorphous silica, 

except for fused silica glass, consist of extremely small particles, the 

surface of which are hydrated as silanol groups Therefore, 

hydrophilic interactions tend to dominate the energy balance, but 

electrostatics interactions can also play an important role. Proteins 

that first adsorb, due to high concentration in solution, are replaced 

by others with higher affinity (Vroman effect). The importance of 

protein adsorption to nanoparticle surfaces (i.e. protein corona) in 

mediating binding to the cell surface, irrespective of the identity of 

these proteins, has been reported

Literature shows that nanoparticle uptake may typically occur 

through nonspecific diffusion and/or endocytosis Two mechanisms

of endocytosis have been described in mammalian cells: phagocytosis 

and pinocytosis (also known as fluid-phase uptake) Moreover, 

several mechanisms of pinocytosis have been described: 

macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated 

endocytosis, and clathrin- and caveolin-independent endocytosis 

I t is increasingly recognized that nanoparticles of very different 

materials can enter into cells easily by endocytosis and accumulate in 

the lysosomes. A study by He, Q. et at. (2009) in human breast-
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cancer  (MDA-MB-468) cells, indicated th a t  m esoporous  silica (a 

form of porous silica) nanopart ic les  were  internalized by endocytosis;  

being the  smaller  particles (190 nm) eas ie r  and quicker to endocyte  

than  larger. Inside the  cells, they  mainly located e i ther  within the  

lysosomes or around the  nuclei (in 4 hours) . This da ta  is consis ten t  

with my own findings showing th a t  lOSiNPs quickly (less than  an 

hour) interacted with the  endothelial  plasma m em b ran e ,  internalized 

and distributed into the  cytoplasm. They were  mainly encapsu la ted  

into vesicles and so m e  of them  located very close to the  nucleus. 

These  vesicles a re  likely to be part  of th e  cellular endosom al-  

lysosomal sys tem .  However, more  s tudies  a re  necessa ry  to clarify if 

non-porous silica nanopart ic les  accum ula te  in lysosomes.  

Interest ingly, I have  also found non-encapsu la ted  particles in the  

endothelial  cytoplasm. This indicates th a t  nanopart ic les could have 

been gained internalized into cells by o ther  m echan ism s  ra ther  than  

endocytosis  or th a t  the  con ten t  of vesic le / lysosome was re leased  into 

the  cytosol following its rupture.

It  has  been reported  th a t  silanol groups,  on the  surface of silica 

nanopartic les, might be a prerequisi te  for silica nanopartic le  

a t t a c h m e n t  to the  cell m em b ran e .  This is suppor ted  by a s tudy 

showing th a t  th e se  groups  form hydrogen bond with som e  si tes on 

the  cell m em b ran e  Syn thes is -based  form precipita ted am orphous  

silica nanopart ic les pose completely  hydroxylated surfaces, while 

o ther  forms (e.g. fumed silica) pose lower a m o u n t  of silanol surface
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groups; although, this number increase with the time after their 

synthesis Furthermore, it is known that the smaller the particle is 

the greater noxious effects produces; and smaller particles pose a 

greater number of surface silanol groups per surface area than larger 

particles, due to their higher surface-area-to-volume ratio. The 

relation between silica surface properties and increased uptake of 

nanoparticles by cells as well as higher cytotoxic effects, have not 

been demonstrated yet.

The TEM micrographs from my experiments did not showed 

evidence of silica nanoparticle-nuclear membrane interaction, and 

intranuclear nanoparticles were not observed. Perhaps, longer 

incubation times, use of smaller nanoparticles, or used of 

nanoparticles which aggregate less, might allow silica nanoparticles to 

reach the nucleoplasm, and interact with DNA. The association of 

silanol groups, on silica nanoparticle surfaces, with the phosphate 

groups of DNA by a specific binding has been shown I t  has been 

also demonstrated that short-lived radicals from the active sites of 

silica surface may damage DNA due to their proxim ity after binding
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A study by Nan, A. e t al. (2008) showed that fluid phase 

endocytosis was involved in silica nanotube uptake by an epithelial 

cancer cell line (MDA-MB-231) and HUVEC primary cells, and 

internalized nanotubes accumulated within lysosomes. In addition, 

they also tested silica nanotube cytotoxicity by 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, 

showing that both 200-nm and 500-nm positively charged nanotubes 

(functionalized with aminopropyltrimethoxysilane) and also non- 

functionalized nanotubes (negatively charge) decreased cell viability 

in both cell lines. I have also demonstrated that silica nanoparticles 

decreased viability of HUVEC primary cells in a size-dependent 

manner. Interestingly, lOSiNPs induced significant cytotoxicity, while 

larger nanoparticles did not. My findings are also consistent with a 

study by Napierska, D. et a! (2009) in EAHY926 cells (a hybrid of 

HUVEC and A549 cells, a lung cancer cell line ^^ )̂, where they showed 

size-dependent cytotoxicity of Stober amorphous silica nanoparticles 

by LDH and MTT assays. Although, the failure of MTT as a toxicity 

testing agent for mesoporous silica particles has been reported 

this test appears to work perfectly with non-porous silica 

nanoparticles

Though made by the same material (silicon dioxide), 

mesoporous and non-porous (solid) silica nanoparticles appear to 

differ in the noxious effects they induced. Cytotoxicity of mesoporous 

and solid silica nanoparticles has been compared in vitro by Lin, Y.S. 

et al. (2010) in human erythrocytes. They systematically 

compared cytotoxicity of Stober non-porous (24, 37, 142, and 263 

nm) and mesoporous (25, 42, 93, 155, and 225 nm) silica 

nanoparticles on red cells haemolysis. Their study showed a size- 

dependent increase in the haemolytic activity of both types of silica
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nanoparticles. However, higher haemolysis was produced by solid 

silica as compared to similar sized mesoporous counterparts. An 

important issue on cytotoxicity studies of mesoporous silica particles 

is their degradation (dissolution), into silicic acid, and subsequent 

collapse of pores. In a study by Lin, Y.S. et al. (2010) this led to 

a greatly increase of haemolytic activity. The authors suggested that 

increased haemolytic activity observed must have been a 

consequence of a change in the nanoparticle itself, because some of 

their results combined demonstrated that the dissolved silicic acid 

species were not the source, i^esoporous and non-porous silica 

particle-induced haemolysis have been also reported by Slowing, 1.1. 

et al. (2009) in rabbit red cells. This study also suggests that silica 

haemolytic properties were related to the number of surface silanol 

groups accessible to erythrocyte cell membrane. It  has been also 

suggested in a study on mesoporous silica by He, Q. et al. (2009) 

that oxidative and/or hydrolaxytive harm of lysosomes underpins 

endothelial damage. More studies are necessary to confirm if the 

same explanation is valid for solid silica nanoparticles.

As shown by my cytotoxicity studies, HUVEC primary cells died 

soon after being exposed to silica nanoparticles. IMy data also suggest 

that oxidative stress was most likely involved in silica nanoparticle- 

induced toxicity in endothelial cells. This observation agrees with the 

proposition by Li, N. et al. (2008) that interactions between 

nanoparticles and cells lead to the generation of oxidative stress and
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oxidant injury. My work indicates that the balance between NO and 

ONOO' may be involved in mediating the cytotoxic effects of silica 

nanoparticles on endothelial cells. Indeed, our studies demonstrate 

that amorphous silica nanoparticles directly stimulated HUVEC cells to 

release both NO and ONOO". The use of nanosensors to precisely 

measure NO and ONOO" released from cells with nanomol-per-litre 

(nm ol/l) sensitivity is a powerful tool which helped understand effects 

of silica nanoparticles in endothelial cells. Direct measurements by 

these nanosensors have been successfully performed in cell culture 

platelets tissue observed tha t silica

nanoparticles triggered massive production of ONOO' by endothelial 

cells indicating that nanoparticle-induced dysfunction of nitric-oxide 

synthase 3 (eNOS), the major form in endothelial cells, was 

extremely high. Nitric-oxide synthase 3 catalyzes NO synthesis from 

Arg Nitric oxide can also be produced by the mitochondrial

respiratory chain under hypoxic conditions On the other hand, 

ONOO' is produced from the reaction of superoxide anion (02*‘ ) with 

NO that leads to a deprivation of NO I t  is also possible that 

dysfunctional eNOS may directly produce O2*' which will react with 

NO to produce ONOO'. The concentration of NO measured in our 

experiments was low. Therefore, the very high ratio of ONOO' to NO 

observed was indicative of extremely high nitrosative stress 

especially for 10-nm and 50-nm silica nanoparticles. Nitrosative 

stress affects the nitrosation or nitration of cellular targets, including
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proteins and glutathione as well as produces oxidation of proteins and 

nucleic acids. Collectively, excessive accumulation of free radicals and 

the uncontrolled oxidation of cellular components are referred to as 

oxidative stress. Nitrosative and oxidative stress accompany aging 

and several diseases, including hypertension, atherosclerosis, 

Alzheimer's disease and a variety of dementias

My studies indicate that free radicals induced by exposure of 

HUVEC cells to silica nanoparticles led to cellular oxidative stress. This 

exposure might have severely damaged the most sensitive cells 

quickly and activate transcription factors to initiate defence

mechanisms in the survival cells. Oxidative stress leads to

transcription factor NF-kB activation. A study by Tumur, Z. et al.

(2010 ) concluded that indoxyl sulphate (a uremic toxin, which is 

considered a risk factor for cardiovascular disease in chronic kidney 

disease) up-regulated the expression of IC A M l and MCPl by

oxidative stress-induced NF-kB activation in HUVEC cells. Moreover, a 

study by Shono, T. et al. (1 996 ) in human microvascular 

endothelial cells, isolated from surgically removed omental tissue, 

demonstrated increased NF-kB activity induced by H2O2 . However, a 

study by Bowie, A. G. et al. (1 99 7 ) showed that H2 O2 failed to 

activate NF-kB in primary HUVEC cells; but interestingly, induced NF- 

kB activation in immortalized human endothelial (ECV304) cells. This 

phenomenon, which could not be explained by the authors, serves to
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highlight important differences between immortalized and primary 

cell lines.

My data suggest NF-kB involvement in silica nanoparticle toxic 

effects in endothelial cells. I demonstrated size-dependent NF-kB 

activation in HUVEC primary cells exposed to silica nanoparticles. The 

smallest nanoparticles (lO -pg/m l lOSiNPs) induced NF-kB activation 

within a hour, while a 5 times more concentrated SOSiNPs and 

ISOSiNPs induced a lower NF-kB activation in 3 hours; SOOSiNPs did 

not up-regulated NF-kB binding activity. Interestingly, other 

nanoparticles have been also shown to induce NF-kB activation. A 

study by Mroz, R.M. et al. (2007) demonstrated that

nanoparticulate carbon black (NPCB) (14 nm) increased 2.3 fold NF- 

kB binding activity and 1.5 AP-1, in an hour, in A595 cell line. They 

also evidenced that N-acetylcysteine (NAC) blocked nanoparticle 

driven NF-kB and AP-1 DNA binding, what indicated that oxidative 

stress was involved in activation of these two pro-inflammatory 

transcription factors. Finally, this study showed by a single gel 

electrophoresis assay (also known as comet assay) that NPCB 

induced DNA damage after 3-hour exposure. This assay detected 

unrepaired DNA strand breaks and alkali-labile sites. In contrast, in a 

study carried out in two different laboratories, Barnes, C.A. et al. 

(2008) demonstrated also by comet assay performed in a mouse 

embryonic fribroblast-adipose like cell line (3T3-L1), non-genotoxicity 

of amorphous silica nanoparticles (various concentrations) in the size
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range from 20 nm to below 400 nm, with both positive and negative 

surface characteristics.

Oxidative stress is also involved in crystalline silica-induced 

noxious effects in cells. As shown in a study by Chen, F. e t al. (1995) 

crystalline silica ( 2 - 7  pm) induced in vitro a stronger than or 

comparable with lipopolysaccharide-induced NF-kB (p50/p50, 

p65/p50, p65/p52) activation at 30 minutes and 2 hours in a mouse 

macrophage cell line RAW 264.7. Antioxidant NAC blocked NF-kB 

activation but not completely (especially clear in p50/p50 

homodimer), which demonstrated that oxidative stress is involved, 

along with other factors, in NF-kB activation leading to increases in 

mRNA expression of C0X2, iNOS, TNF-a, and IL - la . My data also 

showed that exposure of endothelial cells to amorphous silica 

nanoparticles leads to gene up-reguiation. I demonstrated that silica 

nanoparticles induced gene up-regulation of some key endothelial 

factors (ICAM l, VCAMl, SELE, MMP9, PTGS2, F3, IL6, and IL8), 

involved in inflammation and coagulation, in a size-dependent 

manner. The smallest particles (lOSiNPs) induced the most dramatic 

gene up-regulation after a treatm ent of 15 hours. These 

nanoparticles influenced gene expression also after 7 hours, but not 3 

hours. This data is consistent with the results I obtained with 

transformed HUVEC cells in the set of experiments leading to my 

transfer thesis A 15-hour incubation of immortalized HUVEC cells 

with 10-pg/ml lOSiNPs induced gene up-regulation. Genes ICAMl
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and 5ELE were profoundly, and MMP9 slightly, more up-regulated in 

primary than transformed cells; but curiously, VCAMl was less. These 

findings highlight the differences between both cell lines. Metal oxide 

nanoparticles have been shown to up-regulate gene expression in 

vitro. A study by Gojova, A. et al. (2007) in immortalized human 

aortic endothelial (HAEC) cells showed that a 4-hour incubation of 

cells with lO-pg/m l Y2 O3 nanoparticles (C-type cubic structure with 

primary particle size in the range of 20-60 nm) induced gene 

expression of ICAMl. So did ZnO (zincite crystal structure and rod

shaped, with lengths of 100-200  nm and diameters of 2 0 -7 0  nm). 

Also, 50-pg/m l Y2 O3 induced ICAMl, IL8, and MCP-1) and ZnO, ICAM 

and IL8.

My data show that incubation of HUVEC primary cells with silica 

nanoparticles resulted in release of IL 6  and IL8  in a size-dependent 

manner. Interestingly, silica nanoparticle-induced gene expression 

up-regulation of cytokine IL8 , as measured by real-time qPCR, was 

always much higher than that of protein release, as measured by 

CBA. These differences may be explained by the fact that IL 8  can be 

stored in Weibel-Palade bodies in the cytoplasm of endothelial cells 

In contrast, gene up-regulation of IL 6  and protein release (fold to 

fold comparison) corresponded well to each other.

I showed that lOSiNPs, 50SiNPs, and 150SiNPs statistically 

induced a concrete NF-kB binding activity as compared with 

untreated controls. In contrast, my real-time qPCR studies showed
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that exposure of ceils to silica nanoparticles did not up-regulate the 

expression of each of the genes analyzed by the same fold increase. 

This m ight indicate that activation of other transcription factors may 

also underpin silica nanoparticle effects in endothelial cells. However, 

more studies are necessary to clarify this point.

As shown by the LDH assay, SOSiNPs and 150SiNPs did not 

significantly decrease cell viability, but they significantly up-regulated 

the expression of all the inflammatory mediators analyzed in 15 

hours, except for MI^P9 by ISOSiNPs. This is a very important finding 

since commonly safety of nanoparticles is simply evaluated on the 

basis of cytoxocity assays (e.g. LDH and IMTT).

Amorphous silica nanoparticles have been shown to induce 

inflammation in vivo. The literature suggests that these nanoparticles 

induce transient inflammatory effects in vivo. Cho, M. et al. (2009) 

studied silica nanoparticle distribution in five-week-old male 

BALB/c mice, which received a single intravenous injection of a total 

of 100 |jl of 50-, 100-, and 200-nm RITC-labelled fluorescence silica 

nanoparticle suspension at a dose of 50 mg/kg via a tail vein. By 

histopathology, they reported a clear size-dependent inflammatory 

response in the liver at 12 hours; 100-nm and 200-nm, but not 50- 

nm, nanoparticles induced acute inflammation. This relation vanished 

and inflammation was slighter in longer treatments. A size-dependent 

silica nanoparticle clearance (quicker and in higher concentration), via 

urine and bile, was also reported. They also observed that all three
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nanoparticles remained aggregated in the liver and spleen after a 4- 

week treatment, and nanoparticle aggregate distribution appeared to 

be associated with macrophages. The aggregation state of 

nanoparticles is an important factor for distribution and excretion.

Park, E.J. et al. (2009) injected intraperitoneally (50 mg/kg) 

silica nanoparticles (12 nm in average) in ICR mice and took blood 

samples and isolated peritoneal macrophages at different times (0, 

12, 24, 48, and 72 hours). They reported an increase in IL-16 and 

TNF-a level in blood, which reached a peak at 12 -  24 hours, and 

decreased gradually in a time dependent manner to 72 hours. They 

also showed increased gene expression of IL-16, TNF-a, IL6, iNOS, 

and C0X2 in macrophages in a time-dependent manner.

Literature also shows a size-dependent silica nanoparticle- 

induced damage in vivo. A study by Kaewamatawong, T. et al. (2005) 

showed a size-dependent acute pulmonary inflammation and 

severe tissue injury of female ICR mice (10 -  12 week of age) after 

intratracheal installation of 50 pi aqueous suspension of 3 mg of 

amorphous silica (primary particle diameter of 14 nm or 213 nm). 

Exposure times: 30 minutes, 2h, 6h, 12h, 24h. In only 30 minutes 

exposure, severe degeneration and necrosis of bronchiolar epithelial 

cells were observed.

Other study by Kaewamatawong, T. et al. (2006) showed a 

transient (30 days) moderate inflammation and tissue damage of the 

lungs of male ICR mice ( 7 - 8  weeks of age) after intratracheal

144



installation of 50 pi aqueous suspension of up to 100 pg of 

amorphous silica (primary particle diameter of 14 nm).

In summary, my studies using precipitated amorphous silica 

nanoparticles suggest that nanoparticle-induced noxious effects on 

HUVEC primary cells are most likely driven by free radical generation. 

Nanoparticles stimulate endothelial cells to produce and release 

ONOO' in very high quantities indicating that eNOS dysfunction is 

very high. Contrary, the production of free NO was low. The 

nitrosative and oxidative stress, thus produced, most likely induced 

cell death and NF-kB activation. This activation in turn, induced gene 

expression of mediators involved in inflammation and coagulation.

EFFECTS OF AMORPHOUS S ILICA NANOPARTICLES IN  HUMAN 

PLATELETS

The endothelial injury and dysfunction are associated with 

platelet aggregation. Human platelets and endothelial cells are 

involved together in several physiological and pathophysiological 

functions, such as inflammation, haemostasis, and thrombosis. 

Taking advantage of my group's expertises, based on over 30 years 

experience working on platelet function, I studied silica nanoparticle- 

induced noxious effects in human platelets.

First, I demonstrated nanoparticle-human platelet association 

and uptake by TEM. As in the case of endothelial cells, nanoparticle 

agglomerates quickly interacted with platelet surface membranes and
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internalized. However, evidences of nanoparticles encapsulated in 

vesicles were not found. More studies are necessary to understand 

the differences in nanoparticle uptake between platelets and 

endothelial cells. Interestingly, nanoparticles were also observed 

within platelet aggregates dispersed among platelets, and interacting 

with platelet membranes. These observations are consistent with a 

study by my group (2005) in human platelets. They showed that 

an urban PM standard reference material (SMR1648; average size 1.4 

|jm ), purified fullerenes (C60CS), and a mixture of amorphous carbon 

with approximately 7% C60CS (MCN), at a concentration of 200 

[jg/ml, located within platelet aggregates dispersed among platelets; 

however, particle uptake by platelets was not reported. In this study, 

they also demonstrated that exposure of washed platelets to 200- 

pg/ml MCN, SRM1648, carbon single-walled (SWNT) and multi-walled 

(MWNT) nanotubes resulted in the activation of G P IIb /IIIa ; but only, 

MCN (200-|jg /m l) led to the translocation of P-selectin to platelet 

surface membranes. In my studies, I have showed that exposure of 

platelets to silica nanoparticles induced SELP expression on the 

platelet surface membrane in a size-dependent manner. However, 

only lOSiNPs and SOSiNPs had the ability to activate G P IIb /IIIa . In 

their study, Radomski, A. et al. (2005) also showed that MCN, 

SMR1648, SWNT and MWNT, but not C60CS, at a concentration of 

200 |jg/ml, had the ability to induce aggregation of human platelets, 

as measured by aggregometry in washed platelets. I have also
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demonstrated that silica nanoparticles induced platelet aggregation in 

a size dependent manner. The ability of SWNT (100 pg/m l) (outer 

diameter: < 2 nm, length: 1-5 pm) to induce platelet aggregation in 

PRP has been reported in a study by Bihari, P. et a! (2010) They 

also showed that the same nanoparticle concentration induced 

translocation of SELP to the platelet surface membrane after 

incubation of human whole blood. All these findings demonstrate the 

ability of nanoparticles to influence the cell function in vitro.

The noxious effects of nanoparticles in human platelets have 

been also demonstrated in vivo. Both studies by Radomski, A. et a! 

(2005) and by Bihari, P. et a! (2010) reported the ability of 

SWNT to induce vascular thrombosis in vivo.

My group has also shown that the use of biodegradable 

nanoparticles, such as poly(D,L-lactide-co-glycoIide) (PLGA), chitosan 

and PLGA-chitosan nanoparticles does not modify neither platelet 

aggregation nor platelet activation in vitro Therefore, the use of 

biodegradable nanoparticles as drug delivery system and in other 

applications in nanomedicine seems to be the solution to the toxicity 

induced by some non-biodegradable nanoparticles in biological 

systems.

Although, my data showed that silica nanoparticles induced 

very strong noxious affects in washed platelets; most likely, the 

presence of proteins in PRP slowed down the damage. Only lOSiNPs 

(200 |jg /m l) significantly induced SELP expression on the platelet
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surface m e m b ra n e  a s  m easu red  by flow cy tom etry  in PRP. In 

addition, concentra tions  up to 200- | jg /ml  lOSiNPs did not  induce 

platelet aggregat ion .  Furthermore ,  larger particle induced neitlier 

platelet aggregat ion  nor SELP express ion.  These  observat ions  may 

have two important  consequences :  first, p lasma proteins se em  to 

induce so m e  kind of protection,  which delays nanopart ic le  noxious 

effects in platelets  suggest ing  th a t  protein corona might be 

involved. A second consequence  is th a t  a g g rego m etry  might not be 

accura te  enough  to d e tec t  small platelet  agg re g a te s ,  and therefore  

report  false negatives.

Our s tudies  using nanosen so rs  have d em o n s t ra te d  tha t  

am orp ho u s  silica nanopart ic les directly st imulated h um an  platelets  to 

re lease  both NO and ONOO', as  nanopartic les were  added  to PRP. The 

a m o u n t  of re leased NO and ONOO' induced by a m o rp ho u s  silica 

nanopart ic les in platelets  was much lower than  th a t  in endothelial 

cells. None of the  silica nanopart ic les tes ted ,  excep t  10-nm, were  

able to e i ther  induce SELP express ion or platelet aggregat ion  as  they  

were  added  to PRP. However, SOSiNPs, ISOSiNPs, and SOOSiNPs 

significantly st imulated platelets to re lease  ONOO' a t  a high 

concentra tion (100 and 200 pg/ml) . Peroxynitrite is rapidly converted 

to NO donors  in th e  p resen t  of p lasma proteins;  and therefore ,  

platelet activation and aggregat ion de tec tab le  in washed  platelet 

suspens ions  is avoided Nitric oxide released from th ese  NO
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donors could also protect platelets against amorphous silica 

nanoparticles-induced damage.

In summary, my studies of amorphous silica nanoparticle- 

induced noxious effects in human platelets revealed that silica 

nanoparticles are able to activate platelets by inducing expression of 

SELP and G PIIb/IIIa activation on the platelet surface membrane. 

These events lead to platelet aggregation. The platelet aggregating 

effects of silica nanoparticles are most likely delayed and attenuated 

by the presence of plasma proteins. Finally, amorphous silica 

nanoparticles stimulate platelets to release NO and ONOO' which 

modulate platelet function.

PHYSIOLOGYCAL SIGNIFICANCE: A HYPOTHESIS

The potential physiological significance of the noxious effects 

induced by amorphous silica nanoparticles in human endothelial cells 

and platelets, which I have reported in my thesis studies, are shown 

in Figure 45 and 46.
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Subendothelium

Platetet
Amorphous silica 
nanoparticle aggtomerate

Leukocyte Endothelial cell

Figure 45 | Amorphous silica nanoparticle aggregates in a 
standard vein or artery. This figure shows normal blood elements 
(leukocytes, mainly neutrophils; resting platelets) travelling through 
a standard artery or vein in absence of infection and/or vascular 
damage. Erythrocytes and plasma proteins are not represented. 
Amorphous silica nanoparticles are shown as agglomerates. The 
elements of this figure are not in scale.

The presence of amorphous silica nanoparticles in the 

cardiovascular system may interfere with the normal physiology. 

Compared with monodisperse nanoparticles, nanoparticle 

agglomerates stay longer time in blood; and therefore, the time 

available to interact with vascular elements is greater. Nanoparticle 

agglomerates make nanoparticles more difficult to eliminate by the 

kidney than monodisperse nanoparticles. Nanoparticles may interact 

with and internalize in platelets, endothelial cells, and other vascular 

elements.
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Uptake of silica nanoparticles by endothelial cells will lead to

inflammation in the absence of infection or damage.

Embolus
Atheroma

Figure 46 | Potential pathological consequences of the
presence of am orphous silica nanoparticles in blood. This figure 
shows an inflamed and damaged artery or vein by the action of silica 
nanoparticles. Inflamed endothelial cells recruit leukocytes from the 
blood into the tissue, with the possibility of atheroma formation, 
especially in patients with high LDL level. Silica nanoparticles may 
also produce damage of the endothelium. Silica nanoparticles 
themselves and endothelium damage may induce platelet activation 
and aggregation. This may lead finally to embolus formation; since, it 
is not possible to eliminate the stimulus, which triggered the 
inflammatory response (i.e. nanoparticles). Embolus formation may 
lead to important health issues, especially in patients who have 
already atherosclerotic disease. Inflam matory response may occur in 
both veins and arteries, but atherosclerotic lesion is related with 
arteries.

Amorphous silica nanoparticles will induce endothelial cells to 

rapidly produce an excess of free radicals, such as ONOO'. Oxidative 

stress thus produced will severely damage the most sensitive cells 

and induce transcription factor activation (e.g. NF-kB) in the rest.
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Free radicals can also oxidize LDLs trapped in the tunica intima of the 

vessel wall leading to atherosclerotic lesion. Activated transcription 

factors will activate transcription of mediators involved in 

inflammation (e.g. IC A M l, VC AM l, SELE, MMP9, PTGS2, IL6, and 

IL8) and coagulation (F3) to mRNA. The expression of the adhesion 

molecules (IC A M l, VCAM l, and SELE) on the endothelial surface 

membrane will recruit white cells. Leukocytes will tether, roll and 

extravasate into tissues. Release of MMP9 from endothelial cells into 

the subendothelium will digest components of the extracellular matrix 

to accommodate leukocytes. Release of IL8 to the bloodstream will 

attract more leukocytes to this site. IL6 will be also involved in the 

recruitment. The action of C0X2 will produce vasorelaxation by 

prostacyclin synthesis.

On the other hand, endothelial cell death will lead to exposure 

of subendothelial components to the flowing blood that in turn will 

produce platelet activation. This along with the activation of the 

coagulation cascade by tissue factor will lead to blood thrombus 

formation. In physiological conditions, the fribrinolytic system will 

disagreggate the clot; however, persistent activation of thrombotic 

responses by nanoparticles may eventually exhaust the fribrinolytic 

system capacity. Also acute endothelial inflammation will evolve to 

chronic. This may conduct to stable clot formation (embolus), with 

dramatic consequences especially for patients with atherosclerotic 

disease.
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Of course, the pathological and "doomsday" scenario that I 

have drawn based on the results of my in vitro experiments is likely 

to be attenuated in vivo. Therefore, more studies are needed to 

evaluate the significance of my findings to human vascular diseases.
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CONCLUSIONS

1. Synthetic amorphous silica nanoparticles are internalized  

into HUVEC prim ary cells and stored mainly in vesicles in 

vitro . Nanoparticles (10 nm) were found forming agglomerates. 

They were most likely up-taken by endocytosis. Non

encapsulated particle agglomerates free in the cytosol were also 

present.

2. Synthetic am orphous silica nanoparticles induce

nitrosative stress in HUVEC prim ary cells in vitro . Silica 

nanoparticles triggered a massive production of ONOO' by

endothelial cells. This means that the dysfunction of eNOS is 

extremely high. Contrary, the concentration of free NO is low. 

Therefore, the ratio of ONOO' to NO is very high, which 

indicates extremely high nitrosative stress especially for 10-nm 

and 50-nm silica nanoparticles.

3. Synthetic amorphous silica nanoparticles induce

cytotoxicity in HUVEC prim ary cells in vitro. Increased of 

free radical production by endothelial cells exposed to silica 

nanoparticles, most likely induced cell death by oxidation of 

cellular components. Nanoparticles (10 nm) were cytotoxic.
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4. Synthetic amorphous silica nanoparticles induce 

transcription factor NF-kB binding activity in HUVEC 

prim ary cells in vitro . In the surviving cells, most likely 

oxidative stress induced free radical-sensitive NF-kB activation. 

Nanoparticles (10 nm (1 hour), 50 nm (3 hours), and 150 nm 

(3 hours)) induced NF-kB binding activity.

5. Synthetic amorphous silica nanoparticles induce up- 

regulation of the genes IC A M l, VCAM l, SELE, MMP9, 

PTGS2, F3, IL 6 , and IL 8  in HUVEC prim ary  cells in vitro.

Activated NF-kB most likely underpins the activation of the 

transcription of these eight genes codifying key factors involved 

in the inflammatory response and coagulation cascade. I t  was 

lOSiNPs which induced the strongest effect at 15 hours. 

However, 50SiNPs, 150SiNPs, and 500SiNPs also induced gene 

expression up-regulation at 15 hours. The smallest 

nanoparticles also induced gene up-regulation at 7 hours.

6. Synthetic amorphous silica nanoparticles induce 

cytokines, 1L6 and IL 8 , release from  HUVEC prim ary cells 

in vitro . Increased IL6 and IL8 were released to cell culture 

medium, as a result of the exposure of endothelial cells to silica 

nanoparticles. I t  was lOSiNPs which induced the strongest
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effect at 15 hours. However, 50SiNPs, 150SiNPs, and SOOSiNPs 

also induced protein release.

7. Synthetic am orphous silica nanoparticles are internalized  

into platelets and rem ained non-encapsulated in vitro.

Nanoparticles (10 nm) were found forming agglomerates. 

Encapsulated particle agglomerates were not present into 

platelets.

8. Synthetic amorphous silica nanoparticles induce 

G P I Ib / I I Ia  activation and SELP expression on the  

platelet surface m em brane in v itro . Nanoparticles 

influenced G PIIb /IIIa  activation (10 nm and 50 nm) and SELP 

expression (10 nm, 50 nm, 150 nm, and 500 nm).

9. Synthetic amorphous silica nanoparticles induce p latelet 

aggregation in vitro . Activation of G P IIb /IIIa  and expression 

of SELP on the platelet surface membrane led to platelet 

aggregation. Nanoparticles (10 nm, 50 nm, 150 nm) induced 

platelet aggregation.
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10. Platelet activation and aggregation induced by exposure 

of platelets to synthetic amorphous silica nanoparticles 

was attenuated by the presence of plasma proteins. I

hypothesize protein corona formed as a consequence of the 

introduction of nanoparticle in a protein-rich solution, such as 

PRP, might be involved in these observations.

11. Synthetic amorphous silica nanoparticles induce 

nitrosative stress in human platelets. The addition of silica 

nanoparticles to PRP stimulated platelets to release 0N 00-. The 

level of NO remained low.
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FUTURE DIRECTIONS

1. To find the exact m echanism /s involved by silica nanoparticles  

to reach the cytoplasm  of endothelial cells and to study the  

relation between silica particle size and uptake by TEM. To find 

in which organelles nanoparticles accum ulate in the cytoplasm  

and why they are free  in the cytosol.

2. To study w hether or not silica nanoparticles are able to activate  

other transcription factors (e .g . A P -1).

3. To clearly study the influence of silica nanoparticle-induced NF- 

kB activation, and other potentially involved transcription  

factors, in the gene expression up-regulation derived from  the  

exposure of nanoparticles to endothelial ceils by the use of 

selective inhibitors for the transcription factors.

4. To study if the silica nanoparticle-induced gene up-regulation  

leads to up-regulation of the corresponding proteins.

5. To study in g rea ter depth m ore nanoparticle-induced free  

radical released by nanosensors detecting radicals such H2 O2 , 

02*', and OH*.
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6. To study the influence of protein corona in the synthetic 

amorphous silica nanoparticle-induced effects in endothelial 

cells.

7. To study the molecular mechanism underpinning the effect 

derived from the exposure of silica nanoparticles to platelets.

8. To understand why the protein corona attenuates the effects of 

silica nanoparticles in platelets; as well as, to know the degree 

of implication of the different plasma proteins in these effects.

9. To use flow systems to study the effects of silica and other 

nanoparticles on platelets, leukocytes, and endothelial cells.

10.To study the influence of the silica nanoparticle surface on the 

effects derived from their exposure to biological systems.

11. To study the effects of other types of nanoparticles.

12. To perform in vivo studies to corroborate my in vitro findings.
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