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Abstract 

Nanotechnology is an emerging branch of applied science and technology for designing 
tools and devices of size 1-100 nm. Engineered nanomaterials (ENMs) have been widely used in 
several fields from medical to electronics and possess unique chemical, biological and physical 
properties (e.g., thermal and optical properties, solubility, fluorescence, electrical parameters) as 
compared to their bulk material. The increasing interest for these advanced technologies has led to 
great excitement about potential benefits, but little is known about the potential effects of ENM 
exposure on environment and human health. Due to their nano-size and large surface-to-mass ratio, 
ENMs may interact with several biomolecules, mainly proteins, upon contact with biological fluids 
forming the so-called “protein corona”. Toxicity and biocompatibility of these materials may 
depend predominantly on the formation of protein corona, which influence also cell interactions, 
localization and bioactivity of ENMs.  

The aim of this PhD thesis is to study the interactions of cadmium sulfide quantum dots 
(CdS QDs) and amorphous silica nanoparticles (SiO2 NPs) with different biological systems: yeast 
cells (Saccharomyces cerevisiae), human cell lines (Caco-2) and human plasma. We employed a 
proteomics-based approach coupled with MS analysis to determine the identities of proteins that 
associate to form the hard corona of these NPs for understanding the properties of ENMs that 
govern their interactions with proteins in biological environments.   

We observed that proteins involved in specific cellular pathways, as protein synthesis, are 
more prone to bind on NPs. Electrostatic and/or hydrophobic interactions are critical in the 
formation of the protein corona. Most of the identified proteins contains long disordered regions 
that provide flexibility to protein structure, a property that promotes their adsorption.  

We also focused on the possible toxicological implications of the CdS QD-corona formation 
in yeast, studying effects at transcriptomic, proteomic and phenotypic levels. Our results 
demonstrated that CdS QDs cause a general transcriptional up-regulation of genes coding for yeast 
corona proteins; this effect could represent a cellular mechanism in response to “physical 
sequestration” of the corona proteins adsorbed on CdS QD surface. Yeast mutant strains deleted in 
genes coding for corona proteins showed a tolerant phenotype also in presence of concentrations of 
CdS QDs that suppress the viability of the wild-type strain. Tolerant phenotype of these mutants 
suggest that the formation of protein corona may mediate the cytotoxicity of CdS QDs in yeast. 
Finally, using an in vitro enzymatic activity assay, we observed that adsorption onto CdS QD 
surface results in a dose-dependent inhibition of the activity of the GAPDH, a protein strongly 
associated to these ENMs. These results demonstrate that the characterization of the protein corona 
would be a relevant approach to predict potential toxicological effects of the ENMs.  
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1. NANOTECHNOLOGY 

The term “Nanotechnology” embraces many different fields and specialties, including 
engineering, chemistry, electronics, and medicine, among others, but all are concerned with 
bringing existing technologies down to a very small scale, measured in nanometers (American 

Heritage Dictionary, 2010). The birth of the concept of Nanotechnology is usually linked to a 
speech by Richard Feynman at the December 1959 meeting of the American Physical Society 
(Feynman, 1959). In general, the size of the nanomaterials (NMs) spans the range between 1 and 
100 nm in at least one dimension (BSI PD, 2007; Fig. 1). Thus, the sizes of NMs are comparable to 
those of viruses, with maximum dimensions of 10 to 100 nm, or biological macromolecules, as 
DNA or proteins. Nanoparticles (NPs) are defined as NMs with all three external dimensions in the 
nanoscale.  

 
Figure 1. Size of nanomaterials compared to biological components and definition of 'nano' and 'micro' sizes 

(Biointerphases, 2007). 

 

Naturally occurring NMs are abundant in nature and can be produced in many natural 
processes, including photochemical reactions, volcanic eruptions, forest fires, simple erosion, or by 
plants and animals (Klaine et al., 2008). Moreover, many important functions of living organisms 
take place at the nanoscale. For example, in the human body, a typical protein such as hemoglobin, 
which carries oxygen through the bloodstream, is 5 nm in diameter (National Nanomaterial 

Initiative, 2010). Though we usually associate air pollution with human activities (e.g., car 
emissions, industrial activities, and charcoal burning), natural events such as dust storms, volcanic 
eruptions and forest fires can produce vast quantities of nanoparticulate matter that can profoundly 
affects air quality. These large-scale phenomena are visible from satellites and produce airborne 
particles of dust and soot ranging from the micro- to nanoscales. These small particles suspended in 
the atmosphere, known as “aerosols”, can affect the entire planet’s energy balance because they 
absorb radiation from the sun and scatter it back to space (Houghton, 2005). The aerosols generated 
by human activities are estimated to be only about 10% of the total, the remaining 90% having a 
natural origin (Taylor, 2002).  
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Synthetic (or anthropogenic) nanomaterials (NMs) fall into two general categories: 
“incidental” and “engineered” nanoparticles (ENMs). Incidental NMs are the byproducts of 
human activities, generally have poorly controlled sizes and shapes, and may be made of a hodge-
podge of different elements. Many of the processes that generate incidental nanoparticles are 
common every day activities: running diesel engines, large-scale mining, and even starting a fire.  
ENMs have been specifically designed and deliberately synthesized by human beings. Growing 
numbers of nanotoxicologists recognize that the emerging definition of ENMs as measuring 100 nm 
in one dimension or less (Kittelson, 2001; Borm et al., 2006) is inadequate and suggest 200 nm as a 
more correct upper boundary to differentiate the nanosized from the microscaled materials (Van 

Broekhuizen et al., 2012). 
Due to their small size, ENMs exhibit unique properties that are often different from their “bulk 
counterparts” (namely larger sized particles with the same chemical composition): very large 
surface-area-to-mass-ratio that causes high reactivity and affects thermal, mechanical, optical, 
electric and magnetic properties; quantum effects, particularly for ENMs at sizes of less than 10 nm, 
resulting in constrained bonds which are more likely to be disrupted (Roduner, 2006). The 
discovery of these properties and recent advances in synthesis and characterization tools of the 
ENMs, has led to widespread interest in their potential commercial and industrial applications (ISO, 

2008; Roduner E. 2006).  

 

1.1 ENM classification 

The range of parameters that has to be assessed to characterize these materials is large: 
dimensionality, morphology, composition and agglomeration, which is the tendency of the ENMs to 
clump together and form larger combined particles (Fig. 2).  

 
Figure 2. Classification of nanostructured materials from the point of view of nanostructure dimensions, 

morphology, composition, uniformity and agglomeration state. 

 

 

 

 



 
 

10 

1.1.1 ENM dimensionality 

Regarding their dimension, ENMs are classified in 1D, 2D and 3D nanostructured materials 
(ISO, 2008). 1D ENMs are materials with one dimension in the nanometer scale and are typically 
thin films or surface coatings. Thin films have been developed and used for decades in various 
fields, such as electronics, chemistry, and engineering.  
2D ENMs are materials with two dimensions in the nanometer scale. These include 2D 
nanostructured films, with nanostructures firmly attached to a substrate, or nanopore filters used for 
small particle separation and filtration. Free particles with a large aspect ratio, but dimensions in the 
nanoscale range, are also considered 2D nanomaterials. Asbestos fibers are an example of 2D 
nanoparticles.  

Finally, materials that are nano-scaled in all three dimensions are considered 3D ENMs. 
These include thin films deposited under conditions that generate atomic-scale porosity, colloids, 
and free NPs with various morphologies (Robbie et al., 2007). 
 

1.1.2 ENM morphology  

A general classification for morphology exists between high- and low-aspect ratio particles. 
High aspect ratio ENMs include: nanotubes and nanowires, with various shapes, such as helices, 
zigzags, belts; nanowires with diameter that varies with length. Small-aspect ratio morphologies 
include spherical, oval, cubic, prism, helical, or pillar NPs (Fig. 2).  
 

1.1.3 ENM uniformity and agglomeration 

Based on their chemistry and electro-magnetic properties, ENMs can exist as dispersed 
aerosols, suspensions/colloids, or in an agglomerate state. For example, magnetic NPs tend to 
cluster, forming an agglomerate state, unless their surfaces are coated with a non-magnetic material. 
In an agglomerate state, NPs may behave as larger particles, depending on the size of the 
agglomerate (Biointerphases, 2007). 

 

1.1.4 ENM composition 

ENMs can be composed of a single constituent material or be a composite of several 
materials. Single constituent ENMs are carbon-based ENM, metal-based ENMs (e.g. metal oxide 
NPs) and dendrimers. The composites are ENMs with a heterogeneous composition.  

Carbon-based ENMs, including carbon nanotubes, graphene, fullerenes, nanofibers and 
nanodiamonds, are potential candidates for various applications (Fig. 3). Carbon nanotubes (CNTs) 
have a cylindrical carbon structure and possess a wide range of electrical and optical properties 
(Saito et al., 1998). CNTs are manufactured as single wall carbon nanotubes (SWCNT) or multiwall 
carbon nanotubes (MWCNT). Due to the diverse array of their useful properties, CNTs have been 
explored for use in many industrial applications (Baughman et al., 2002); their measured rigidity 
and flexibility are greater than that of some commercially available high-strength materials (e.g., 
high tensile steel, carbon fibers, and Kevlar®).  

Graphene is a one atom thick planar sheet of carbon atoms densely packed in a honeycomb 
crystal lattice and it is the basic structural building block of CNTs and fullerenes. Graphene and 
CNTs possess similar electrical, optical, and thermal properties, but the two-dimensional atomic 
sheet structure of graphene gives unique electronic characteristics (Geim et al., 2007).  
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Fig. 3 Carbon-based ENMs (Zhang et al., 2013). 

 
 

Fullerene, also commonly known as the “buckyball”, is made up of sixty sp2 hybridized 
carbons (C60) in a rigid spherical (soccer ball) shape. The popularity of C60 has somewhat 
diminished in recent years with the rise of more scalable and practical carbon based NMs such as 
CNTs and graphene. However, its uniform size and shape as well as availability for chemical 
modification led many scientists to develop C60 derivatives for therapeutic purposes (Jensen A .W. 

et al., 1996). The most fascinating and highly promising aspect of C60 is its anti-human 
immunodeficiency virus (HIV) activity; Schinazi et al. (1993) first discovered a group of water-
soluble C60 derivatives that, due to their unique molecular structure and hydrophobicity, inhibit 
HIV protease activity by binding to its active site. 

Nanodiamonds (NDs) are synthesized by high energy treatment of graphite, most commonly 
via detonation, and are ENMs smaller than 10 nm diameter. They have similar physical properties 
as bulk diamond, such as fluorescence and photoluminescence, as well as biocompatibility. In 
recent years, NDs have also generated interest in the field of biomedical engineering, in drug 
delivery and tissue labeling (Mochalin et al., 2012), for example, Lien et al. (2012) recently used 
fluorescent and magnetic NDs for cell labelling.  
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Metal-based ENMs play a very important role in many areas of chemistry, physics and 
material science (Noguera, 1996; Kung, 1989; Henrich et al., 1994; Wells, 1987; Rodríguez et al., 

2007; Fernández-García et al., 2004). Metal oxide NPs (Fig. 4), expecially silica (SiO2), titania 
(TiO2), alumina (Al2O3), iron oxide (Fe3O4, Fe2O3) NPs, nanoscale zero-valent metal (e.g. iron NPs) 
or Quantum Dots (QDs) at present occupy the first position in terms of economic importance within 
the range of inorganic NPs. Mixed oxides, such indium-tin oxide (ITO) and antimony-tin oxide 
(ATO), silicates (aluminum and zirconium silicates) and titanates (e.g. barium titanate) are also of 
increasing importance (Fig. 4).  

 

 

Fig. 4 (a) Well-dispersed CoFe2O4 (20.4 ± 10.3 nm), (b) Sedimented CoFe2O4 (48.3 ± 9.7 nm), (c) ZnO 

nanorods (width: 16.2 ± 1.3 nm, length: 50.8 ± 11.8 nm), (d) Al2O3 (15.6 ± 5.4 nm), (e) 

TiO2 (26.5 ± 6.7 nm), (f) SiO2 (72.9 ± 4.0 nm) (Jeong et al., 2016). 

 
Main application fields of metal oxide NPs are electronics, pharmacy/medicine, cosmetics 

(NP-based sunscreens) as well as chemistry and catalysis. In technological applications, these NPs 
are used in the fabrication of microelectronic circuits, sensors, piezoelectric devices, fuel cells, 
coatings for the passivation of surfaces against corrosion, and as catalysts (Gleiter, 1999; Valden et 

al., 1998; Rodriguez et al., 2002). Applications of NPs in medicine are, for instance, markers for 
biological screening tests (e.g. gold or semiconductor NPs), contrast agents for magnetic resonance 
imaging (MRI) as well as antimicrobic coatings and composite materials for medical devices 
(Salata, 2004). 
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Dendrimers are small (2-10 nm diameter), monodispersed, regularly hyperbranched, flexible 
macromolecules with a large number of peripheral functional groups (Lee et al., 2005a; Svenson et 

al., 2005b) (Fig. 5). Currently, a fundamental limitation is the high cost of production of these 
compounds. A lot of attention is paid to the research on the use of these polymers in medicine, 
chemistry, genetic engineering and environmental protection (Kubiak, 2014).  

 

 

Fig. 5 Schematic description of dendrimer structure (Kubiak M. 2016).  

 

Polymer nanocomposites are the result of the combination of polymers and 
inorganic/organic fillers at the nanometer scale, offering a multitude of desirable (and tailorable) 
properties, such as high strength, stiffness, dimensional and thermal stability (Table 1). 
Nanocomposites promise new applications in many fields, such as mechanically-reinforced 
lightweight components, non-linear optics, battery cathodes and ionics, nanowires, sensors and 
other systems. Such mechanical property improvements have resulted in major interest in 
nanocomposite materials in numerous automotive and general/industrial applications. Furthermore, 
nanocomposites are very interesting for biomedical technologies, such as tissue engineering, bone 
replacement/repair, dental applications, and controlled drug delivery.  

 
 

Table 1. Characteristics of nano-composites (Demetrakakes, 2002) 
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1.2 Applications of ENMs 

The unique properties make the ENMs promising in a wide range of fields, from medical 
applications to environmental sciences: in fabrics and their treatments, filtration, dental materials, 
surface disinfectants, diesel and fuel additives, hazardous chemical neutralizers, automotive 
components, electronics, scientific instruments, sports equipment, flat panel displays, drug delivery 
systems, and pharmaceutics (Fig. 6).  

 
 

Fig. 6 Applications of ENMs.  

Several studies have revealed enormous prospects for the progress of nanotechnology in both 
life sciences and information technology (Donaldson et al., 2004). In electronics, many of the 
current microelectronics applications are already at a nanoscale (Thompson et al., 2006). For 
instance, the use of nanocrystalline materials for TV monitor can greatly enhance resolution and 
may significantly reduce costs. Also, flat-panel displays constructed with ENMs may possess much 
higher brightness and contrast than conventional displays owing to the enhanced electrical and 
optical properties of the new materials. New ENMs show promising properties as anode and 
cathode materials in lithium-ion batteries, having higher capacity and better cycle life than their 
larger-particle equivalents (Liu et al., 2006).  

In biomedical applications, nanofiber scaffolds can be used to regenerate central nervous 
system cells and possible other organs. Experiments performed on a hamster with severed optic 
tract demonstrated the regeneration of axonal tissue initiated by a peptide nanofibers scaffold 
(Behnke et al., 2006).  

Certain nanopowders possess antimicrobial properties (Bosi et al., 2003 ; Koper et al., 2002); 
when these powders contact cells of Escherichia coli or other bacteria species and viruses, over 
90% are killed within a few minutes. Due to their antimicrobial effect, silver and titanium dioxide 
NPs (<100 nm diameter) are assessed as coatings for surgical masks (Li et al., 2006). Nanotubes 
can act as channels for highly selective transport of molecules and ions inside the cell (Jirage et al., 

1997).  
The ability of ENMs to target and penetrate specific organs and cells contributes to their 

toxicity; however, this ability may be exploited in nanomedicine: e.g., nanospheres composed of 
biodegradable polymers can incorporated drugs, allowing the timed release of the drug as the 
polymer degrades (Uhrich et al., 1999). When ENMs are set to degrade in an acid 
microenvironment, such as tumor cells or around inflammation sites, this allows site-specific or 
targeted drug delivery.  
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Surface-functionalization of the ENMs can be used to permeate cell membranes (Maïté et al., 

2000) and improve applications in the field of medical imaging; e.g., superparamagnetic magnetite 
particles coated with dextran are used as image-enhancement agents in magnetic resonance imaging 
(Harisinghani et al., 2003). CNTs are ideal probe tips for scanning microscopy due to their small 
diameter (which maximizes resolution), high aspect ratio, and stiffness. Furthermore, CNTs have 
been used as probe tips for atomic force microscopy (AFM) imaging of antibodies, DNA, etc. 
(Hafner et al., 2001). Fluorescent QDs coated with selected molecules can be used to allow 
intracellular processes to be observed directly. In addition, nanospheres carriers for vaccines are in 
development (Matsusaki et al., 2005).  

In the field of pollution remediation, the potential of ENMs to react with pollutants in the air, 
soil, and water and transform them into harmless compounds is currently being researched. 
Nanotechnology could be applied at both ends of the environmental spectrum, to clean up existing 
pollution and to decrease or prevent its generation. Due to their enhanced chemical activity, ENMs 
can be used as catalysts to react with toxic gases (such as carbon monoxide and nitrogen oxide) in 
automobile catalytic converters and power generation equipment. This could prevent gaseous 
environmental pollution arising from burning gasoline and coal (Hogan, 2004 ). 
In cosmetics, titanium dioxide and zinc oxide become transparent to visible light when formed at 
the nanoscale, however are able to absorb and reflect UV light, being currently used in sunscreens 
and in the cosmetic industry.  
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2. Nanotoxicology 

A new research field of toxicology, namely “nanotoxicology”, was defined to address gaps in 
knowledge and also to assess the problems likely to be caused by ENMs (Pardridge, 2012). More 
specifically, nanotoxicology aims to understand the principles and mechanisms of interactions at the 
nano–bio interface and also to determine the relationship between ENMs physicochemical 
properties and the associate toxicological profiles (Salvati et al., 2011). Nanotoxicology 
encompasses the physicochemical determinants, routes of exposure, biodistribution, molecular 
determinants, genotoxicity, and regulatory aspects (Donaldson et al., 2004; Lewinski et al., 2008) 
(Fig. 8). Toxicity of ENMs has been studied in different biological systems, in cell systems, as 
bacteria, yeast, human cell lines (e.g. macrophages; Sohaebuddin et al., 2010), or different 
organisms, which include plants (Marmiroli et al. 2015 and 2016), rodents, aquatic species, such as 
zebrafish (Gonzalez et al., 2008), catfish (Wang et al., 2011) or algae (Wang et al., 2011).  

Several studies suggested that ENMs could easily enter into the human body (Milic et al., 

2014; Oberdorster et al., 2005). The tiny size of ENMs allows them to pass more easily through 
cell membranes and other biological barriers and cause cellular dysfunction (Nel et al., 2006).  
The understanding of the cellular uptake mechanisms of ENMs is important to determine their 
intracellular fate and biological response (Jiang. et al., 2008). 

 
Fig. 7 An illustrative scheme for the pharmacokinetics of ENMs in vivo and possible mechanisms of 

toxicity. After delivered into the body, ENMs can be absorbed and ENM–serum protein interactions 

frequently occur into the bloodstream. Then, they spread into tissues and organs via tissue-specific 

extravasation from the bloodstream. ENMs may be metabolized in the liver by cytochrome P450-dependent 

enzymes or by metabolic process early in the gastrointestinal tract. Finally, ENMs can be removed from the 

body via the kidney (urine) or bile (feces). At each step of this process, ENM toxicity may arise: alteration of 

metabolic processes, hematological abnormality, organ toxicity and immunotoxicity arise from the long-term 

retention of ENMs in the liver, lung, spleen and kidney. Moreover, ENMs may cross the biological barrier 

system (blood–brain barrier, placental barrier) and cause neurotoxicity or reproductive toxicity. 

Genotoxicity may also appear (Li et al., 2014).  

  

2.1 Nanotoxicity: physical and chemical properties of NPs 

Physicochemical characteristics of the materials are very important with respect to the 
observed biological effects: it is believed that the most important parameters in determining the 
adverse health effects of nanoparticles are dose, dimension, and durability (the three D's) 
(Oberdörster, 2002). However, recent studies show different correlations between various physico-
chemical properties of nanoparticles and the associated health effects, raising some uncertainties as 
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to which are the most important parameters in deciding their toxicity: mass, number, size (surface 
area and size distribution), shape, bulk or surface chemistry (surface reactivity, surface groups, 
inorganic or organic coatings etc.), solubility and aggregation (Nel et al., 2006) (Fig. 8). Therefore, 
a detailed and comprehensive physicochemical characterization of the test NMs is stated as the first 
step before any toxicological screening (Boverhof et al., 2010). 

 

 
 

Fig. 8 Designing ENMs for intracellular applications. ENMs can be modularly assembled from different 

materials composition with different physical and chemical properties and functionalized with a myriad of 

ligands for biological targeting. Such flexibility in design freedom enables researchers to tailor ENM for 

specific intracellular applications as contrast agents, drug delivery vehicles, and therapeutics (Chou et al., 

2010).  

 

2.2 Cellular uptake of ENMs 

The intracellular milieu is physically segregated from the environment by the plasma 
membrane, an elastic lipid bilayer embedded with domains of lipids, carbohydrates and proteins. 
The membrane regulates the transport of molecules into the cells, thereby representing a universal 
barrier protecting fragile intracellular structures from extracellular materials. In nature, polar or 
charged biomolecules, such as amino acids, nucleosides, or glucose, are transported across the lipid 
bilayer through specialized membrane-transport protein channels (active transport systems) (Alberts 

et al., 2002). ENM internalization depends on their size, for example, environmental particles (2.5-
10 µm diameter) were found to collect in large cytoplasmic vacuoles, while smaller NPs (<100 nm) 
localize in organelles, such as mitochondria, leading to disruption of mitochondrial architecture. 
Therefore, ENMs interact with cell membrane, cytoskeleton and nucleus, leading to conformational 
changes of macromolecules like DNA and proteins, deformation of cellular membrane, as well as 
reorganization of the cytoskeleton at a subcellular level, changing the cell elasticity, morphology, 
adhesion, motility, and cell invasion processes. 

Experimental studies revealed that most ENMs are incorporated into the cell via different 
endocytic pathways comprising phagocytosis (“cell-eating”) and pinocytosis (“cell-drinking”) or 
directly by “adhesive interactions” (Yameen et al., 2014). Furthermore, pinocytosis pathway can be 
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divided into clathrin-mediated endocytosis (CME) or caveolae-mediated endocytosis (CvME) 
(Lühmann et al., 2008; Mailänder et al., 2009) (Fig. 9 and 10) 
 

 
Fig. 9 Different pathways of ENM cellular uptake (Kettiger et al., 2013). 

 

 

 
 

Fig. 10 Intracellular transport of ENMs. After internalization via one or more of the endocytic pathways, 

ENMs are trafficked along the endo-lysosomal network within vesicles with the help of motor proteins and 

cytoskeletal structures. Vesicles can transport their contents into sorting endosomes, or excrete/recycle them 

back to the cell surface by fusing with the plasma membrane. Alternatively, endosomes can mature into 

lysosomes via luminal acidification and recruitment of degradative enzymes, which target the vesicle 

contents for degradation. In order to access cytoplasmic or nuclear targets, nanoparticles must be capable 

of escaping from the endo-lysosomal network as well as traverse through the crowded cytoplasm (Chou et 

al., 2010).  
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2.3 Characteristics of NPs influencing cellular uptake 

Research has shown that different physicochemical properties of ENMs result in different 
cellular uptake. Currently, it has been described that several factors play a critical role in toxicity; 
such as (i) size and surface; (ii) concentration, crystallinity, and mechanical strength, (iii) chemical 
attributes, the development of hydrophilic polymer functionalization(Li et al., 2014). 
Over physicochemical properties of the ENMs, the cell-NP interactions are modulated by cell-
specific parameters such as cell type or cell cycle phase (Mahmoudi et al., 2012), but also on the 
experimental conditions (buffer or medium supplemented with human serum). Specific cell types 
may interact with identical ENMs differently (Iversen et al., 2011; Dos Santos et al., 2011).  

An additional factor is protein binding: once they have entered a biological milieu, NPs will 
inevitably come into contact with a huge variety of biomolecules including proteins, sugars and 
lipids that are dissolved in body fluids, such as the interstitial fluid between cells, lymph or blood. 
These biomolecules immediately coat the NP surfaces and form the so-called protein corona 
(Röcker et al., 2009; Maffre et al., 2011). Protein adsorption onto the surface of an NP changes 
properties such as size or surface charge dramatically (Jansch et al., 2012; Monopoli et al., 2012) 
and confers a new biological identity to the NP, which may completely modify the subsequent 
cellular and tissue responses, e.g., the distribution to various organs, tissues, and cells.  

The state of dispersion and the variable size and shape of NPs induces different uptake 
mechanisms for the same material. These interactions are a function of the intrinsic 
physicochemical properties of NPs: they possess extremely high surface area to volume ratio which 
renders them highly reactive. High reactivity potentially could lead to toxicity due to harmful 
interactions of NPs with biological systems and the environment (Oberdorster et al., 2005b).  

 

2.4 Intracellular fate 

Once in the cytosol, NPs may induce different effects such as oxidative stress (AshaRani et 

al., 2009), genotoxicity, alterations on the normal cell cycle and inflammation. But NPs determine 
also alterations with cell membrane as a result of the interaction, such as deformation and 
reconstruction and distruption of cytoskeleton. 
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2.4.1 Deformation of Cellular Membrane 

 

 
Fig.11 Deformation of cellular membrane and reconstruction and disruption of cytoskeleton upon the 

interaction between nanomaterials and cells (Wu et al., 2013).  

As the primary defense barrier of the cell, the cell membrane forms the interface at which cells 
and ENMs first interact. When the they interact with the cellular membrane, may induce the 
disturbance of the phospholipids bilayer and blockage of membrane proteins (Fig. 11). It was found 
that the change in the cell membrane's local phase is closely related to the NPs' surface charge 
(Dawson et al., 2009; Arvizo et al., 2007). Negatively charged NPs bound to a fluid area of the 
membrane induced gelation, whereas positively charged NPs turned gelled areas into a fluid state 
for easier penetration. This may therefore explain why cationic particles are more toxic than net 
neutral analogues or anionic analogues of the same size (Nel et al., 2009). In addition, polymeric 
NPs were reported to induce “holes” in the living cell membrane, which corresponded to regions of 
reduced lipid or protein levels and are associated with cytotoxicity (Leroueil et al., 2007; Verma et 

al., 2008). This structural change of permeabilized cell membranes could lead to the leakage of 
cytosolic enzymes and result in toxicity. The formation of “holes” may be induced by the surface 
positive charges of NPs that could in turn cause the fluid phase change of lipid bilayer while the 
neutral or negative control does not show any cytosolic enzyme leakage. NPs of 1.2-22 nm could 
induce “holes” in lipid membranes, a process closely associated with nanotoxicity, while those 
nanoparticles with sizes less than 1.2 nm or more than 22 nm had no such effect.  

Also the surface chemistry of NPs plays an important role in cell membrane disruption. Gold 
NPs (about 6 nm in diameter) with the same chemical composition but different surface ligand 
organization showed dramatic differences in cell membrane response (Verma et al., 2008). 

Furthermore, besides the lipid bilayer of the cell membrane, NPs could also induce physical 
response in membrane proteins, which play an important role in the molecular transport and cell 
surface transmembrane signaling. As one of the most important membrane protein complexes, ion 
channels exhibit unique structures, especially the pore complex, that provide the physical pathway 
for ion movements across the plasma membrane and several charged domains that attract and/or 
repel ions. These characteristics make ion channels easy targets for nanomaterials that react with 
and block these channels as evidenced by the physical blocking of potassium ion channel by 
spherical fullerenes (diameter 0.72 nm) and carbon nanotubes (diameter 1-15 nm) (Park et al., 

2003). Spherical fullerenes showed the highest blocking ability due to their similar diameter to the 
size of potassium channels, while the multiwalled carbon nanotube with bigger diameter did not 
show any blocking effects. Semiconductor NPs were reported to induce oxidative stress damage, 
leading to impairment of the ion channel structure and function (Tang et al., 2008; Kirchner et al., 

2005). For example, oxidative stress induced by CdSe QDs could activate N-type calcium channels 
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and lead to the influx of extracellular calcium as well as rapid increase of intracellular calcium 
concentration, which is regarded as a possible mechanism of QD toxicity (Peer et al., 2007). 
 

2.4.2 Reconstruction and disruption of cytoskeleton 

After passing the cell membrane, NPs within the cell interact with the cytoskeleton, an 
interconnected network of filamentous proteins (microtubules, actin filaments, and intermediate 
filaments), and regulatory proteins which possess the ability to resist deformation. The cytoskeleton 
provides the mechanical stability and integrity of biological cells, transports intracellular cargo, and 
plays a key role during eukaryotic cell movement.  

Cellular uptake of NPs is closely related to the deformation of cytoskeletal networks as well as 
changes in plasmamembrane tension and displacement of fluid in the cytoplasm. This process starts 
with the interaction between NPs coated with suitable ligands and cellular membrane receptor at the 
nano-bio interface (Nel et al., 2009). This specific binding of NPs to membrane receptors was 
driven by initial extension of cell membrane around the particle in a process that does not require 
actin polymerization. Active signaling from the receptor leads to the recruitment of numerous 
cytoskeletal proteins, including the Arp2/3 complex, which nucleates actin filaments beneath the 
particle. The formation of an actin network pushes the plasma membrane further around the target 
based on myosin-actin contractile activity, which leads to engulfment of the particle within the cell.   

As a typical example, the cytotoxicity of single-wall carbon nanotubes that resulted from high 
amounts of cellular uptake is likely due to the changes induced in cytoskeleton and cell morphology 
(Tian et al., 2006). Human fibroblasts exposed to such nanotubes showed a random and irregular 
actin network compared with untreated cells with an organized radially distributed actin network. 
 
2.4.3 Induction of DNA damage and genotoxicity 

NPs, due to the minute size, charge, and high specific surface area, can cause a wide variety of 
DNA damage, ranging from chromosomal fragmentation, DNA strand breakages and the induction 
of gene mutations (Singh et al., 2009) (Fig. 12). Currently, there is an increasing focus on specific 
nanotoxic effects, and thus the advent of a subfield called “nanogenotoxicology” (Donaldson et al., 

2004) which generally refers to the study of toxic effects of NMs on genomic stability and integrity. 

 

 

Fig. 12 Genotoxic and Cytotoxic effects of NPs (Gonzalez-Munoz et al., 2015).  
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For instance, gold NPs with smaller sizes (about 1.4 nm) have the ability to penetrate the 
nuclear compartment and could potentially bind to negatively charged DNA due to its 
electronegativity (Rivera Gil et al., 2010). Besides directly binding to DNA, NPs may cause DNA 
damage indirectly, by promoting oxidative stress and inflammatory responses (Meng et al., 2009). 
In vitro experiments have shown C60 to be generally noncytotoxic with no mutagenic response 
(Shinohara et al., 2009) in Chinese hamster ovary (CHO-K1) cells and mouse lung epithelial cells 
(Jacobsen et al., 2008) using the Ames test and CBMN tests, respectively. Another report has found 
that C60 treatment also increases formamidopyrimidine [fapy]-DNA glycosylase (FPG) sensitive 
sites, accounting for short-term DNA strand damage. Xu et al. (2009) observed that C60 induced an 
increase in mutation yield in primary mouse embryo fibroblast cells and dose-dependent formation 
of free radical ONOO− using dihydrorohodamine radical probes. However, in vivo setting, C60 
treatment was found to be associated with increased DNA damage 8-hydroxydeoxyguanosine (8-
OHdG) in mouse lung and liver (Folkmann et al., 2009). ZnO is quite well known to be cytotoxic to 
cells in culture (Kim et al., 2010), while the toxicity of TiO2 NP is rapidly gaining attention due to 
the increased use and applications in many accessible medical and cosmetic products. TiO2 NP 
comes in two common shapes, namely, the rutile and anatase forms. Although both are found to be 
genotoxic, one study showed that the anatase form induced greater DNA damage in human 
bronchial epithelium (Pal et al., 2014). TiO2 NP could also increase cell sensitivity to phototoxicity 
(Shi et al., 2010), as well as induce more DNA adducts, strand breaks, base-pair mutations and 
chromosomal damage (Wang et al., 2007). Interestingly, Huang et al. (2009) reported that while 
long-term exposure to TiO2 NP slowed down cell-division and induced aberrant multipolar spreads, 
chromatin alignment, and segregation, short-term exposure increased cell survival and growth and 
number of multinucleated cells. QDs, due to their small size, were able to enter the nucleus through 
the nuclear pore, inducing nuclear protein aggregation, as well as the inhibition of gene 
transcription and cell proliferation (Nabiev et al., 2007) and direct damage to chromosomes or 
nucleoproteins (Singh et al., 2009). One of the major effector molecules activated in response to 
DNA damage is p53. It plays a central role in DNA repair and cell cycle arrest, thereby preventing 
mutagenic events favouring the process of carcinogenesis (Lane, 1992). Cadmium-telluride QDs 
were found to significantly increase p53 levels and upregulate the p53-downstream effectors Bax, 
Puma and Noxa in human breast carcinoma cells (Choi et al., 2008). AgNPs were found to induce 
DNA damage in human glioblastoma cells as well as chromosomal aberrations in human fibroblast 
cells (AshaRani et al., 2009). Other genotoxic reactions include upregulation of p53 and DNA 
repair protein Rad51 observed in mouse embryonic stem cells and fibroblasts (Ahamed et al., 2008). 
In the same study, AgNP when functionalized with polysaccharide on its surface was more DNA 
damaging than uncoated AgNPs. A number of studies have also shown that AgNP treatment 
induced DNA damaging effects on aquatic and plant cells with impairment of cell-division (Wise et 

al., 2010).  
 

2.4.4 Induction of oxidative stress 

An important mechanism of nanotoxicity is the generation of reactive oxygen species (ROS), 
resulting in the subsequent oxidative stress (Gonzalez et al., 2008). ROS include free radicals such 
as the superoxide anion (O2•−), hydroxyl radicals (.OH) and the non-radical hydrogen peroxide 
(H2O2), which are constantly generated in cells under normal conditions as a consequence of 
aerobic metabolism. But cells are also endowed with an extensive antioxidant defense system to 
combat ROS, either directly by interception or indirectly through reversal of oxidative damage. The 
damage in cell function and development includes oxidative modification of proteins to generate 
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protein radicals (Stadtman et al., 1997), initiation of lipid peroxidation (Butterfield et al., 2001), 
DNA-strand breaks, modification to nucleic acids (Evans M.D. et al., 2004), modulation of gene 
expression through activation of redox-sensitive transcription factors (Shi et al., 2004), and 
modulation of inflammatory responses through signal transduction (Bodamyali et al., 2002), leading 
to cell death and genotoxic effects (Fu et al., 2012). NPs may promote the formation of pro-
oxidants which, in turn, destabilizes he delicate balance between the biological antioxidant system 
and the reactive oxygen species (ROS) (Curtis et al., 2006; Kabanov, 2006) The generation of ROS 
and the subsequent production of oxidative stress is a predominant mechanism leading to 
nanotoxicity, including DNA damage, unregulated cell signaling, changes in cell motility, 
cytotoxicity, apoptosis, and cancer initiation and promotion (Zhu et al., 2013) (Fig. 13). 

 
Fig. 13 Overview of the signaling cascades mediating nanotoxicity and possible strategies to circumvent the 

toxicity (Khanna et al., 2015). 

 
 

Size, shape and aggregation are characteristics that can culminate in ROS generation 
(Shvedova et al., 2005a, 2005b). Compared to their bulk-size counterparts, ENMs possess a small 
size, high specific surface area, and high surface reactivity, leading to the production of higher 
levels of ROS and resulting in cytotoxicity and genotoxicity (Oberdorster et al., 2005) (fig. 14). A 
variety of ENMs has been found to induce toxicity mediated by ROS in many biological systems, 
such as human erythrocytes and skin fibroblasts (Li et al., 2012).  
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Fig. 14 NP-induced toxicity mediated by ROS generation (Fu et al., 2014). 

 
 

Winnik et al. (2013) demonstrated that QDs produced oxidative stress and cell damage 
mediated by ROS. Akhtar et al. (2010) reported that silica NPs induced cytotoxicity and resultant 
oxidative stress in a dose dependent manner, mediated by the induction of ROS and lipid 
peroxidation in the cell membrane. Also in vivo studies with silica NPs indicated that single dose 
exposure to these NPs leads to ROS induction, consequently activating pro-inflammatory responses 
(Park et al., 2009). 
2.4.5 Inflammation-mediated nanotoxicity 

Inflammation is a defence mechanism of the body that involves several immune regulatory 
molecules, following the infiltration of phagocytic cells (Fig. 15). According to literature, NPs can 
activate and/or suppress immune response and the compatibility with this system is determined by 
its surface chemistry. Several studies with single and multi-walled carbon nanotubes and fullerene 
derivatives have shown the induction of inflammation in varied cell types, including alveolar and 
bronchial epithelial cells, epidermal keratinocytes and cultured monocyte-macrophage cells (Qu et 

al., 2012). 

 
Fig. 15 Transmission electron micrograph of an HEK engulfing 120 nm silica-coated silver nanoparticles. 

Arrow denotes silver nanoparticles within invagination (Monteiro-Riviere et al., 2012; by permission of 

Elsevier Ireland Ltd.). Bar, 2 µm. 

Many immunostimulatory reactions, driven by NPs, are mediated by the release of 
inflammatory cytokines. Cytokines are signaling molecules inducted by different types of 
nanomaterials: gold, dendrimers, or lipid NPs, among others. More recently, a study was carried out 
to provide a mechanistic explanation for immune and inflammatory responses observed upon 
exposure to carbon NPs. Importantly, inflammation has been shown to directly cause toxicity and 
promote cell death through the induction of toxic by-products of inflammation such as ROS and 
complement proteins, as well as via receptor-induced apoptosis/necrosis (Wallach et al., 2015). 
These cascades have not been well explored in the context of NP-induced cytotoxicity, and 
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investigations in this direction are required to fully identify and recognize the signaling networks 
mediating inflammation-driven cell death. Interestingly, oxidative stress also results in the release 
of pro-inflammatory mediators through the principal cascades such as the NF-κB (Nuclear Factor-
κB), mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3-K) pathways 
(Poljak-Blaži et al., 2010), suggesting that oxidative stress is linked to inflammation reciprocally 
(Huang et al., 2010). In the absence of a stimulus, NF-κB is sequestered in the cytoplasm by the 
Inhibitor of κB (IκB) family of inhibitors. However, in the event of oxidative stress, the IκB 
undergoes degradation, thus freeing NF-κB which then translocates into the nucleus to regulate the 
transcription of its target genes (Allen et al., 2000). Both in vitro and in vivo studies showed that 
nanoparticle-induced lung injury and pulmonary fibrosis lead to the ROS-mediated activation of 
NF-κB and production of pro-inflammatory mediators such as TNF-α, IL-8, IL-2 and IL-6 (Byrne et 

al., 2008). Several metal oxide NPs including zinc, cadmium, silica, and iron have also been shown 
to exert their toxicity via the production of inflammatory cytokines induced by NF-κB (Hubbard et 

al., 2002). NPs can also cause immunosuppression: one of the studies about immunosuppression 
has revealed that inhalation of carbon nanotube (CNT) results in a reduction of immune system in 
mice. This is produced through a mechanism that involves the release of TFG-β1 from lungs. Then, 
TFG-β1 goes into circulation and increases the expression of two molecules whose function is to 
inhibit T-cell proliferation (Thompson et al., 2013 ).  

 

2.5 Distribution and kinetics of nanoparticles in the body 

Humans can be exposed to nanomaterials via several routes such as inhalation, injection, oral 
ingestion and the dermal route (Bystrzejewska-Piotrowska et al., 2009) (fig. 16).  
 

 
Fig. 16 Biological complex environments: (A) possible application/entry routes for NPs. NPs can enter the 

human body via the bloodstream, via inhalation through the lung, via oral ingestion through the gastro-

intestinal tract and, although less effective, through (damaged) skin. (B) Complex microenvironments of the 

lung. An alveolar duct and alveolus containing different cell populations and the pulmonary surfactant are 

depicted (Docter et al., 2015).  

 
Once nanoparticles cross these first biobarriers, they can easily reach vital organs such as 

lung, intestine and other organs by blood-stream transport. Specifically, the respiratory system, GI 
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tract, the circulatory system as well as the central nervous system are known to be adversely 
affected by NPs (Medina et al., 2007). For esample, TiO2 NP used in sunscreen, cosmetics, paints 
and plastics, can cross bio-barriers such as spleen, liver, kidney and lung and, in in vivo exposure, 
cause effects such as spleen lesions, hepatocellular necrosis and apoptosis, hepatic fibrosis, renal 
glomerulus swelling and thrombosis in the pulmonary vascular system (Chen et al., 2009). Another 
study showed that silica NPs did not cause any toxicity in spleen, kidney and lung of mice, while 
chronic administration caused liver fibrosis, which can lead to hepatic cancer (Nishimori et al., 

2009). Effects on the immune and inflammatory systems may include oxidative stress and/or 
activation of pro-inflammatory cytokines in the lungs, liver, heart and brain (Mo et al., 2008). Then, 
a greater understanding of the mechanisms whereby nanoparticles interact with target cells can 
impact significantly on assessing their potential toxicity (Unfried et al 2007). A complete analysis 
of the pharmacokinetics of NPs has to include absorption of biomolecules, distribution, metabolism, 
and excretion (Sharifi et al., 2012). 

 

2.5.1 Respiratory tract uptake, effects and clearance 

The respiratory system serves as a major portal for ambient particulate materials. Recently, the 
pathogenic effects and pathology of inhaled manufactured nanoparticles have received attention 
(Donaldson et al., 2006; Lam et al., 2006; Nel et al., 2006; Oberdorster et al., 2005a). After 
inhalation, NPs deposit throughout the entire respiratory tract, starting from nose and pharynx, 
down to the lungs (Oberdorster 2001; Elder et al., 2006). Being different than micron sized 
particles that are largely trapped and cleared by upper airway mucociliary escalator system, 
particles less than 2.5 µm can get down to the alveoli. In the upper airways, particle clearance is 
performed mainly by the mucociliary escalator (Ferin, 2004). The first contact of inhaled NPs in the 
respiratory tract is with the lining fluid, composed of phospholipids and proteins (Wright et al., 

1994). This contact leads to particle wetting and displacement towards the epithelium by surface 
forces from the liquid-air interface (Peters et al., 2006). When in contact with esophageal epithelial 
cells, nanoparticles uptake by these cells is possible in the presence of preexistent inflammation 
(Hopwood et al., 1995). The adverse health effects of NPs depend on the residence time in the 
respiratory tract (Peters A et al., 2006). When the lung is subject to prolonged exposure, neutrophils 
are recruited to help. Experimental data show that, compared with larger particles, NPs smaller than 
100-200 nm are more capable of evading alveolar macrophages phagocytosis (Peters et al., 2006), 
entering pulmonary interstitial sites, and interacting with epithelial cells to get access to the 
circulatory and lymphatic systems (Oberdörster et al., 2005; Takenaka et al., 2001). After 
absorption across the lung epithelium, NPs can enter the blood and lymph to reach cells in the bone 
marrow, lymph nodes, spleen and heart (Hagens et al., 2007; Oberdorster et al., 2005a). The latter 
could be of significance since the association between inhaled ambient ultrafine particles and 
cardiovascular events such as coagulation and cardiac rhythm disturbances has been proven 
(Nurkiewicz et al., 2006; Yeates and Mauderly, 2001). Other targets after translocation include the 
sensory nerve endings embedded in the airway epithelia, followed by ganglia and the central 
nervous system via axons (Oberdorster et al., 2005b; Oldfors and Fardeau, 1983). Smaller 
particles have a higher toxicity than larger particles of the same composition and crystalline 
structure, and they generate a consistently higher inflammatory reaction in the lungs (Oberdörster et 

al., 1994). Rat inhalation (Oberdörster et al., 1994) and instillation (Oberdörster et al., 2005) of 
titanium oxide NPs with two sizes, 20 nm and 250 nm diameter, having the same crystalline 
structure show that smaller particles led to a persistently high inflammatory reaction in the lungs 
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compared to larger size particles (Oberdörster et al., 1994). Takenaka et al. (2001) have 
demonstrated that in both inhalation and instillation experiments, ultrafine AgNPs were taken up by 
alveolar macrophages and aggregated silver particles persisted there for up to 7 days. Aggregated 
AgNPs have been shown to be cytotoxic to alveolar macrophage cells as well as epithelial lung cells 
(Soto et al., 2007). 

The NPs that are cleared from the lung via the mucociliary escalator enter the gastro-intestinal 
tract (Takenaka et al., 2001; Semmler et al., 2004). In some interesting work, coating with 
pulmonary surfactant associated proteins enhanced the opsonin-dependent uptake of NPs (Ruge et 

al., 2011) Therefore, phagocytic uptake may be enhanced after the formation of a protein corona. 
The protein corona may, on the other hand, reduce interparticle agglomeration. Agglomeration is 
usually quite loose; thus, the protein corona could easily overcome the agglomeration tendency by 
reducing surface energy and increasing hydrophilicity and steric stability. Under such 
circumstances, well dispersed NPs with size below 100 nm could easily escape phagocytosis 
(Geiser et al., 2010). In addition, albumin adsorption significantly decreases the cellular association 
and uptake of NPs by Ams (Ruge et al., 2011). Given that a leak of serum albumin into alveoli is a 
common symptom of pulmonary exposure to NPs (El-Ansary et al., 2009) coating with albumin 
might sometimes prevent the AM-mediated clearance. 

 
 

2.5.2 Dermal uptake, effects and translocation 

Skin is the largest primary defense organ in our body and directly comes into contact with 
many toxic agents. The skin is structured organ comprising three layers: the epidermis, the dermis 
and the subcutaneous layer. The strongly keratinized stratum corneum acts as the primary protecting 
layer and may be the rate-limiting barrier to defend against the penetration of most micron sized 
particles and harmful exogenetic toxicants (Hoet et al., 2004). Skin exposure to NPs can also occur 
during the intentional application of topical creams and other drug treatments (Curtis et al., 2006; 

Hagens et al., 2007; Oberdorster et al., 2005b). A current area under discussion is whether or not 
TiO2 NPs found in commercially available sunscreens penetrate the skin. For example, the 
application of a sunscreen containing 8% NPs (10-15nm) onto the skin of humans showed no 
penetration, while oilin-water emulsions showed penetration, higher penetration being present in 
hairy skin at the hair follicles site or pores (Tsuji et al., 2006). The quantity of NPs that penetrate is 
very small, with less than 1% of the total amount in the applied sunscreen being found in a given 
hair follicle (Lademann et al., 1999). Several studies show that NPs are able to penetrate the stratum 
corneum (Borm et al., 2006; Oberdörster et al., 2005; Blundell et al 1989; Corachan et al., 1988; 
Toll et al., 2004; Tinkle et al., 2003). NPs penetration through the skin typically occurs at hair 
follicles (Toll et al., 2004) and flexed (Tinkle et al., 2003) and broken skin (Oberdörster et al., 

2005). In contradistinction to this finding, there are many reports that show deeper penetration of 
NPs (Monteiro-Riviere et al., 2005). Lademann et al. (1999) showed that TiO2 NPs could get 
through the human stratum corneum and reach epidermis and even dermis. Flexing movement of 
normal skin was shown to facilitate the penetration of micrometer-size fluorescent beads into the 
dermis (Tinkle et al., 2003). Oberdorster et al. (2005b) demonstrated penetration of a variety of 
nanoparticles in the dermis and translocation to the systemic vasculature via lymphatic system and 
regional lymph. Translocation of nanoparticles through skin into the lymphatic system is 
demonstrated by soil particles found in lymph nodes of patients with podoconiosis (Blundell et al 

1989; Corachan et al., 1988). Neuronal transport of small NPs along sensory skin nerves may be 
possible, in a similar way to the proven path for herpes virus (Oberdörster et al., 2005). Further, 
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Ryman-Rasmussen et al. (2006) demonstrated that QDs with diverse physicochemical properties 
could penetrate the intact stratum corneum barrier and get localized within the epidermal and 
dermal layers. Intradermally administered QDs could enter subcutaneous lymphatics (Gopee et al., 

2007) and regional lymph nodes (Kim et al., 2004). Fullerene-based peptides were also shown to be 
capable of penetrating intact skin and mechanical stressors could facilitate their traversal into the 
dermis (Rouse et al., 2007). It is worth noting that some other types of NPs, i.e. single-/multi-wall 
CNTs, QDs with surface coating and nanoscale titania, have been shown to have toxic effects on 
epidermal keratinocytes and fibroblasts and are capable of altering their gene/protein expression 
(Christie et al., 2006; Ding et al., 2005; Monteiro-Riviere et al., 2005; Ryman-Rasmussen et al., 

2006; Sarkar et al., 2007; Tian et al., 2006; Witzmann and Monteiro-Riviere, 2006; Zhang et al., 

2007). MWCNTs are internalized by human epidermal keratinocytes (the major cell type of the 
epidermis) in cytoplasmic vacuoles and induce the release of pro-inflammatory mediators. 
Topically applied fine and ultrafine beryllium particles can be phagocytosed by macrophages and 
Langerhans cells possibly leading to perturbations of the immune system (Tinkle et al., 2003). 
Epidermal keratinocytes have also been shown to be capable of phagocytosing a variety of ENMs 
and setting off inflammatory responses (Monteiro-Riviere et al., 2005). Spherical particles with 
diameter between 750 nm and 6 microns selectively penetrate the skin at hair follicles with a 
maximum penetration depth of more than 2.4 mm (Toll et al., 2004). Broken skin facilitates the 
entry of a wide range of larger particles (500 nm - 7 µm) (Oberdörster et al., 2005).  

2.5.3 GI tract uptake 

NPs can reach the GI tract after mucociliary clearance from the respiratory tract through the 
nasal region (Takenaka et al., 2001), or can be ingested directly in food (such as colorants– titanium 
oxide), water, cosmetics (toothpaste, lipstick), drugs, and drug delivery devices (Hagens et al., 

2007; Oberdorster et al., 2005b) and dental prosthesis debris (Ballestri et al., 2001). Gastro-
intestinal tract is a complex barrier-exchange system, and is the most important route for 
macromolecules to enter the body. The epithelium of the small and large intestines is in close 
contact with ingested material, which is absorbed by the villi. The extent of particles absorption in 
the gastro-intestinal tract is affected by size, surface chemistry and charge, length of administration, 
and dose (Hoet et al.,. 2004). The absorption of NPs in the gastro-intestinal tract depends on their 
size, the uptake diminishing for larger particles (Jani et al., 1990). A study of polystyrene NPs with 
size between 50 nm and 3 µm indicated that the uptake decreases with increasing particle size from 
6.6% for 50 nm, 5.8% for 100 nm nanoparticles, 0.8% for 1 µm, to 0% for 3 µm particles. The time 
required for NPs to cross the colonic mucus layer depends on the particle size, with smaller 
particles crossing faster than larger ones: 14 nm diameter latex NPs cross within 2 minutes, 415 nm 
within 30 minutes, and 1000 nm particles do not pass this barrier (Hoet et al., 2004). Moreover NPs 
in the GI tract have been linked to Crohn’s disease and colon cancer (Koeneman et al., 2009). NPs 
that penetrate the mucus reach the enterocytes and are able to translocate further. Enterocyes are a 
type of epithelial cell of the superficial layer of the small and large intestine tissue, which aid in the 
absorption of nutrients. When in contact with the sub-mucosal tissue, NPs can enter the lymphatic 
system and capillaries, and then are able to reach various organs (Hoet et al.,. 2004). Furthermore, 
GI route of translocation of ingested ultrafine particles to the blood, is supported by studies in rats 
and humans that have shown that TiO2 NPs (150–500 nm) taken in via food can translocate to the 
blood and are taken up by liver and spleen (Bockmann J. et al., 2000). Chung et al. (2010) recently 
reported occurrence of systemic argyria after ingestion of colloidal nanosilver proves its 
translocation from the intestinal tract.  
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2.5.4 Nanoparticles uptake via injection and translocation 

When injected into the blood stream, foreign NPs encounter different blood constituents such 
as red blood cells, white blood cells, platelets, and a variety of proteins. NPs are known to interact 
with both proteins and blood cells. Protein binding and opsonization are processes that change the 
surface properties. There are three main types of cells in the blood: red cells in charge of oxygen 
transport; white cells responsible for fighting infections; and platelets that help prevent bleeding by 
forming blood clots. The uptake of NPs by each type of blood cells is essentially different. Uptake 
by red blood cells is entirely dictated by size (Peters et al., 2006), while the NP charge or material 
type have fewer importance (Rothen-Rutishauser et al., 2006) (Fig. 17).  

 
 

 
 

 
 

Fig. 17 Illustration of how rapid corona formation kinetically impacts early nanopathology in the human 

blood system. Upon entry or parenteral application, pristine NPs only exist for a short period of time, but 

are still capable of immediately affecting the vitality of endothelial cells, triggering thrombocyte activation 

and aggregation, and may also induce hemolysis. Formation of the biomolecule corona rapidly modulates 

the NPs’ decoration with bioactive proteins protecting the cells of the blood system against nanoparticle-

induced (patho)biological processes, and can also promote cellularuptake (Docter et al., 2015).  

 
 

Hemolysis has been described for rigid materials such as silica NPs (Yu et al., 2011) or for 
soft NPs such as liposomes (Quirion et al., 1991). NP charge plays an essential role in their uptake 
by platelets and their influence on blood clot formation (Nemmar et al., 2002). Uncharged 
polystyrene particles do not have an effect on blood clots formation. Negatively charged NPs 
significantly inhibit thrombi formation, while positively charge NPs enhance platelet aggregation 
and thrombosis (Nemmar et al., 2002). The interaction between platelets and positively charged 
particles seems to be due to the net negative charge that platelets carry on their surface (Nemmar et 

al., 2002). The positively charged NPs interact with negatively charged platelets and reduce their 
surface charge, making them more prone to aggregation. NPs between 20 and 200nm can remain in 
the circulation for an extended period of time (Petros et al., 2010). In the blood stream, 
agglomerates may cause embolism with a potentially fatal outcome. Agglomerated NPs have a 
tendency to accumulate after injection within the lung since venous blood is directed from the right 
heart ventricle to this organ. Protein coating is a highly dynamic process, the resulting protein 
corona is complex and varies depending on the size (Jansch et al., 2012), hydrophobicity/surface 
charge (Jansch et al., 2012) and shape (Gasser et al., 2010) of the NPs. In the first instance, readily 
available proteins such as albumin are adsorbed onto the NPs surface, but may be replaced by other 
proteins (eg, lipoproteins or opsonins) over time, depending on the surface structure of the NPs. A 
prominent consequence of coating with proteins is the opsonization of NPs, which allows RES 
macrophages to easily recognize and their remove. Some researches have demonstrated that protein 
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corona assisted in the transcellular passage of NPs through the blood brain barrier (Ragnaill et al., 

2011; Koffie et al., 2011). 
Surface modification of NPs with chemical and biological agents, such as PEG can create a 

hydrophilic protective layer around the NPs, which sterically hinders absorption of opsonin 
proteins, thereby blocking the opsonization process. In addition, PEG may elicit an immunological 
response resulting in an accelerated blood clearance of NPs. As an alternative to PEGylation, NPs 
can be coated with amino acids such as lysine or cysteine. Such a mixed-charge monolayer-coating 
prevented protein adsorption in fetal bovine serum to 5 nm gold NPs (Lipka et al., 2010). 
Furthermore, it is established that NPs with neutral or negatively charged surfaces have a reduced 
plasma protein adsorption and low rate of nonspecific cellular uptake, while positively charged NPs 
are expected to have a high non specific internalization rate and short blood circulation half-life 
(Alexis et al., 2008).  

 

 

The blood circulation of NPs and their exchange between tissue vasculature and interstitium is 
a multifaceted process, for istance, the translocation depends on the site of injection:  

1. Intravenously injected nanoparticles quickly spread throughout the circulatory system, with 
subsequent translocation to organs 

2. Intramuscular injection is followed by neuronal system uptake  

3. Intradermal injection leads to lymph nodes uptake. 

1. Intravenously injected nanoparticles (QDs, fullerenes, polystyrene) with size ranging from 
10-240 nm show localization in different organs, such as liver, spleen, bone marrow, (Oberdörster 

et al., 2005), small intestine and lungs (Rae et al., 2005) (Fig. 18). 
 

 
Fig. 18 The tissue-specific extravasation of NMs. (A) The hepatic sinusoidal endothelial cells possess open 

fenestraes sized 100-200 nm that facilitate the NM diffusion. Smaller NMs (10-20 nm) are removed from 

blood via rapid liver uptake, whereas larger NMs (g200 nm) are effectively cleared by Kupffer cells. (B) In 

sinusoidal spleen (as in rat and human), blood flows through the discontinuous capillary into splenic venous 

system. Non deformable entities sized above 200 nm may be cleared from blood by splenic filtration. (C) The 

capillary fenestraes in the glomeruli have size between 10 and 100 nm, but the basal lamina can block the 
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penetration of particles larger than 5 nm. (D) The endothelia of lung, muscle, and bone capillaries are 

generally characterized by a continuous morphology that allows only small particles sized below 3 nmto 

cross the interendothelial cell slits. (E) The blood concentration of PEG SWCNTs versus time following 

intravenous administration to mice. (F) The translocation to the secondary target organs and the intertissue 

redistribution of nanoceria via blood circulation (Wang et al., 2011). 
 
Talc particles introduced by injection are found in the liver of intravenous drug users (Gatti 

and Rivasi, 2002). Liver is the main organ of metabolic clearance of most drugs and xenobiotics. 
Evidence has shown that NPs are preferentially deposited in liver under systemic exposure, 
resulting in prolonged retention within the organ and in some instances significant hepatotoxicity 
(Abdelhalim et al., 2011). The size of NPs plays an important role in modulating target cell type as 
well as the degradation pathway in liver. Generally, NPs larger than 200 nm are effectively cleared 
by KCs because slow blood flow in liver sinusoids allows enough time for phagocytosis and 
macropinocytosis. A work showed that polystyrene NPs (20 nm) were internalized by hepatocytes 
and were observed within bile canaliculi, indicating a possible elimination via bile (Johnston et al., 

2010). Importantly, SWCNTs have been found to be biodegraded by enzymatic catalysis, including 
horseradish peroxidase, myeloperoxidase, and heme oxygenase-1 (Kagan et al., 2010). It is known 
that there are a large number of phase I and phase II enzymes in liver, for example, 
monooxygenase, transferases, esterases, and epoxide hydrolase, that are expressed. Thus, the 
hepatic clearance of NPs could be associated with enzyme-catalyzed biodegradation, although in 

vivo evidence is still lacking at this time. Chemical reactivity and composition of the shell and core 
materials play an important role in degradation. NPs known to “safely” degrade are porous silica 
NPs (He et al., 2008 ) and iron oxide particles (Mahmoudi et al., 2011). Degradation of silica NPs 
leads to the formation of silicic acid, which is excreted via feces and urine (Park et al., 2009). 
However, for another NPs is difficult to break down by intracellular processes, such as inert gold 
nanoparticles, NPs remain within the cells and deposit in the liver for a long time (Sadauskas et al., 

2009). Increased liver accumulation was found for particles with a size of 5 nm as compared to 
particles with a size of 1.4 nm. Renal excretion represents a preferable clearance pathway for NPs 
from body. The understanding of renal clearance of NPs is fundamental for the toxicity assessment 
and the in vivo application of NPs. Work in mice orally exposed to copper and zinc oxide 
nanoparticles showed resultant morphological and pathological damage in the renal glomerulus and 
renal tubules (Wang et al., 2008). Renal clearance involves glomerular filtration, tubular secretion, 
and tubular reabsorption. Glomerular filtration is the first step in renal clearance of NPs and directly 
affects renal clearance capability: glomerular filtration eliminates NPs with a hydrodynamic 
diameter of ,5 nm to 10 nm. Size is an important parameter regarding circulation and distribution 
within the organism: small NPs might be removed from the blood by renal clearance (<5 nm) or 
rapid liver uptake (10-20 nm) (Longmire et al., 2008), whereas large NPs are filtered in the 
sinusoidal spleen (>200 nm) or are recognized and cleared by RES (Fig. 19).  
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Fig. 19 Glomerular filtration of NPs in vivo (Wang et al., 2011). 

 
Renal clearance studies in mice using QDs with zwitterionic cysteine demonstrated the size 

threshold for glomerular filtration of QDs was about 5.5 nm. The QDs less than 5.5 nm were 
effectively excreted in the urine, while renal excretion was prevented when the diameter was above 
this value (Choi et al., 2007). Protein adsorption has a profound effect on the hydrodynamic 
diameter and surface charge of NPs thus in turn influences the renal filterability and likely shifts the 
route of excretion from kidney to liver. Previous work indicated that because the anionic charged 
QDs absorbed serum albumin and γ-globulin and formed aggregations of several hundred 
nanometers, the aggregated QD particles could not be filtered via the glomerulus and were mainly 
metabolized in the liver (Chen et al., 2008). Under conditions when NPs deposit in kidney and are 
unable to be filtered by the glomerulus, they often induce severe kidney damage. The glomerular 
mesangial cells, glomerular capillary bed, and proximal tubular epithelial cells are considered 
important target sites for nephrotoxicity after exposure to NPs. It was reported that NPs with a 75-
25 nm diameter could target the mesangium through the endothelial pore and accumulate in 
multiple clusters within the phagocytictype mesangial cells (Choi et al., 2011). Another work in 
mice showed that oral exposure to copper NPs induced grave morphological and pathological 
damages in the renal proximal convoluted tubule, such as reducing karyons, degeneration, and 
irreversibly massive necrobiosis in epithelial cells of the renal proximal convoluted tubules (Chen e 

tal., 2006). 
 

2. Intramuscular injection is followed by neuronal system uptake. The nervous system is 
composed of the brain, spinal cord, and nerves that connect the brain and spinal cord to the rest of 
the body. Experiments performed on rats injected with ferritin macromolecules (with size around 10 
nm) into the cerebrospinal fluid, demonstrated passage of ferritin into deep brain tissue. As 
esample, injection of magnetic NPs smaller than 100 nm into the tongues and facial muscles of 
mice resulted in synaptic uptake (Oberdörster et al., 2005). Blood brain barrier is a physical barrier 
with negative electrostatic charge between the blood vessels and brain (Lockman et al., 2004), 
selectively restricting the access of certain substances (Fig. 20). This anionic barrier is believed to 
stop most anionic molecules, while the cationic molecules increase the permeability of the blood-
brain-barrier by charge neutralization (Borm et al., 2006). Regarding the passage of NPs, the blood-
brain-barrier permeability is dependent upon the charge of NPs (Lockman et al., 2004) Penetration 
of NPs across blood brain barrier was observed in both in vitro and in vivo studies (Ragnaill et al., 
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2011; Koffie et al., 2011). It allows a larger number of cationic NPs to pass compared to neutral or 
anionic particles, due to the disruption of its integrity (Lockman et al., 2004). In addition to uptake 
due to across blood brain barrier (BBB), nervous system uptake may occur via other pathways: 
uptake via olfactory nerves (Borm et al., 2006; Oberdörster et al., 2005). The nasal and tracheo-
bronchial regions have many sensory nerve endings (Oberdörster et al., 2005).  
 

 
Fig. 20 The blood-brain barrier (BBB); above, cross section through the brain; center, schematic 

representation of the BBB; below, cellular structure (Simkò et al., 2010). 

 
 

 
3. Translocation of NPs to lymph nodes is a topic of intense investigation today for drug 

delivery and tumor imaging. Progression of many cancers (lung, esophageal, mesothelioma, etc.) is 
seen in the spread of tumor cells to local lymph nodes. The detection and targeted drug delivery to 
these sites are the steps involved in the therapeutic treatment of cancer (Cabral et al., 2015) (Fig. 
21). Several studies show that interstitially injected particles pass preferentially through the 
lymphatic system and not the circulatory system, probably due to permeability differences. After 
entering the lymphatic system, they locate in the lymph nodes (Liu et al., 2006). The free 
nanoparticles reaching the lymph nodes are ingested by resident macrophages (Shwe et al., 2005). 
The adverse health effects of NP uptake by lymphatic system are not sufficiently explored. 
 

 
Fig. 21 Translocation of NPs to lymph nodes is a topic of intense investigation today for drug delivery and 

tumor imaging (Cabral et al., 2015). 
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3. PROTEIN CORONA 

The rapid development of nanotechnology in the past decades offerswide prospects in using 
micro- and nano-scale materials in different areas of industry, technology, and medicine. NPs have 
unique properties that may be useful in a diverse range of applications and consequently they have 
attracted significant interest. Nevertheless, our knowledge about the bio-compatibility and risks of 
exposure to nanomaterials is limited. Exposure to nanomaterials for humans may be accidental, for 
example by occupational exposure, or intentional, for example in the case of the use of nano-
enabled consumer products. Understanding the mechanisms of interactions between NPs and living 
matter is crucial for safe implementation of nanotechnologies in various fields. Therefore, we need 
to understand how NPs enter the body, tissues, and cells, where they go when they get there, and 
what are the consequences of them being there. Furthermore, if we want to fully understand the 
biological impact of NPs, we should address all the complicated molecular aspects of nano-bio 
interactions. Hence, there is an urgent need to understand the molecular mechanisms of 
nanoparticles-to-biological system interaction. 

In physiological environments NPs are exposed not only to relatively high ion concentrations 
or drastic pH changes (Li et al., 2010), but also to a huge variety of complex biomolecules 
(Monopoli et al., 2011). Many body fluids (e.g. blood, lung lining fluid, saliva, intestinal juice, etc.) 
have one common characteristics, their composition is highly complex (Anderson et al., 2011). 
Thus, whereas the physico-chemical properties and behavior of NPs can be engineered and 
controlled in technically stable, protected environments, such as technical products, this is no longer 
the case in complex physiological or natural environments. Such ‘complex environments’ are not 
only represented by simple and higher organisms, including humans, but also by “complex 
(micro)environments”, such as organs and cells, which also differ very dramatically in their 
physico-chemical composition. In this complex (micro)environments, once NPs interact with 
biological fluids and come into contact with tissues, they are exposed to active biomolecules that 
form a “crown” (corona) around them, thus transforming the bare NP into an NP that has a 
biological component: the so-called “protein corona”. During the recent years, a large number of 
studies have been devoted to the characterization of protein corona (Monopoli et al., 2012; Dos 

Santos et al., 2007). 
The surfaces of all NPs have higher free energy than the bulk material itself. This means that 

their surfaces will progressively and selectively adsorb biomolecules when they come into contact 
with complex biological fluids. This “corona” of biomolecules lowers the surface energy of the 
nanoparticle and promotes its dispersion and in many cases the biomolecular corona interacts with 
biological systems (Aggarwal et al., 2009; Walczyk et al., 2010). The protein corona is primarily 
composed of proteins. The presence of other biomolecules such as sugars, nucleic acids and lipids is 
expected but so far little studied (Wan et al., 2015; Hellstrand et al., 2009). The binding forces that 
are responsible for such interactions include van der Waals interactions, hydrogen bonds, 
hydrophobic interactions, electrostatic interactions, and π- π stacking (Yang S.T. et al., 2013).  
The first studies on the interactions between NPs and plasma proteins were conducted between 
1996 and 2000 (Gessner et al., 2000; Diederichs et al., 1996), but it was the group of Dawson that 
first introduced the NP– protein corona complex concept (Cedervall et al., 2007).  

The physical and chemical interactions with proteins and/or other biomolecules (e.g. 
phospholipids, sugars, nucleic acids, etc.) will in most cases significantly affect the NPs’ behavior 
and fate and understanding the corona formation process is crucial in predicting NP behavior in 
biological systems, including applications for nanotoxicology and development of drug delivery 
platforms at the nanolevel (Shaw et al. 2012; Sisco et al. 2014). 



 
 

35 

3.1 Dynamics of protein corona formation 

The process of corona formation is determined by the competition of countless proteins to 
adsorb at the approaching NP surface. Miclăuş et al. (2014) suggested that protein adsorption is a 
dynamic process involving continuous adsorption/desorption equilibrium of proteins on and off on 
the NP surfaces. During such time dependent process, their kinetics might be also important, as 
described by the association (kon) and dissociation (koff) constants. The value of kon depends on the 
contact frequency between the protein and NP, while the value of koff depends on the binding energy 
of the protein–NP complex (Fig. 22). The balance between these two factors, kon and koff, 
determines the affinity of a protein to the NP and defines as the dissociation constant (Kd). For 
example, Kd for the adsorption of serum proteins to nanomaterials varies from approximately 10−4 
to 10−9 M, which is similar to the range for antibody–antigen interactions. Then, these studies on 
the composition of the protein corona have demonstrated that the process of protein corona 
formation is in continuous evolution and that the adsorption of proteins on the surface is mainly 
governed by affinity interactions of proteins towards the NP surface and by affinity-based protein-
to-protein interactions (Monopoli et al., 2011) 
 

 
Fig. 22 The protein corona in a biological environment. Biomolecules in the environment adsorb strongly to 

the bare liposome surface, forming a tightly bound shell – the protein corona – in immediate contact with the 

NP. Single type proteins attach to the NP surface at rate kon, leaving the nanoparticle at rate koff (Sahneh et 

al., 2013). 

 
Based on the exchange time of its composition, the protein corona is classified into hard and 

soft: proteins with higher affinity for the surface exchange slowly, forming the hard corona, the 
inner most layer composed of tightly bound proteins (over longer periods of hours). On top of this 
“hard” corona there is a “soft” corona formed by loosely-bound proteins, maybe via protein-protein 
interaction, with lower affinity for the nanoparticle surface and rapidly exchanging (over short time 
scales of seconds or minutes) (Walczyk et al., 2010; Milani et al., 2012) (Fig. 23).  
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Fig. 23 Schematic illustration and characteristics of a hard and a soft corona. The protein corona 

encompassing the nanoparticles. Hard coronas are characterized by slow exchange (i.e., several hours) and 

lower abundance, with a high affinity of proteins, whereas soft coronas are typified by rapid exchange (i.e., 

several minutes) and lower affinity of proteins with weakly bound outer layers on nanoparticles (Duran et 

al., 2015).  

 
 

Furthermore, Simberg et al. (2009) introduced a model for the protein corona which includes 
“primary binders” that interact with the NPs surface at first followed by “secondary binders” that 
binds to the primary binders by way of protein–protein interactions. This multilayered structure 
plays an important role in the physiological response as the interaction of the primary binders can 
be changed by the secondary binders or being “masked” by them, thereby hindering their 
interaction with the biological environment. 

Crucially, it is observed that only a few of the biomolecules available in typical biological 
environments are found in the hard corona. For example, although blood plasma is constituted by 
thousands of proteins (≈4000) and some of which are more abundant than others (Anderson et al., 

2004), their abundance in the plasma does not correspond to their abundance in the protein corona 
(Zhang et al., 2011; Martel et al.,2011). The formation and evolution of protein layers on flat 
surfaces was first analyzed by Vroman (Vroman, 1962), describing a time-dependent composition 
of the bio-coating, in which highly abundant proteins adsorbing only weakly dominate the early 
state. These adsorbed proteins are later replaced by less abundant proteins, which however bind 
with higher affinity, resulting in adsorption and displacement step (Vogler, 2012). This model has 
been widely discussed and implies the existence of a highly dynamic protein corona formed over 
time. More recently, Tenzer et al. (2013) described the early evolution and impact of the NP– 
protein corona complex, using their LC-MS based method to measure time-resolved corona 
compositions on silica and polystyrene NPs in human serum. By using NPs of various sizes 
(diameters of about 35, 120, 140 nm), and surface functionalities (amine, carboxylate, unmodified), 
they were able to provide insights into the consequences of these factors for corona composition 
and dynamics. They demonstrated in their study that interaction between NP surface and plasma 
proteins was formed very rapidly: quantitatively detected 166 different plasma proteins within the 
corona after 0.5 min. Interestingly, they also found that the amount of protein in the corona changes 
over time, while the types of bound protein remain relatively constant. These findings led to the 
introduction of a novel model of protein corona formation, which implies new binding kinetics 
independent from the Vroman effect (Docter et al., 2015). Indeed this effect was demonstrated only 
for a mixture of a few proteins and is unable to predict protein binding kinetics to NPs in complex 
mixtures (Vogler, 2012).  
 

 



 
 

37 

3.2 Composition of the protein corona 

The protein corona can be considered unique for each given NP and greatly depends on their 
physicochemical properties. The relation between the pristine NP characteristics and the nature of 
the corona in complex environments is thus far from being trivial and currently still remains 
impossible to predict in complex physiological environments (Tenzer et al., 2013, Gebauer et al., 

2012; Walkey et al., 2014). The different physico-chemical properties, such as material size and 
surface properties, but also the relative ratio of the physiological fluid to the nanoparticle dispersion 
and the exposure time play an important role for the composition and evolution of the protein 
corona (Walkey et al., 2014; Dobrovolskaia et al., 2014; Caracciolo et al., 2011). Moreover, when 
NPs move from one biological (micro)environment to another, e.g. from the blood system via 
different cellular uptake mechanisms into cells (e.g. monocytes or macrophages), a key issue is 
whether the original corona remains stable or is subjected to substantial changes (Monopoli et al., 

2012), which adds an additional level of complexity.  
Kelly et al. (2015) have recently presented an approach to map protein binding sites on the 

biomolecular corona which will help to understand the spatial location of the proteins and their 
binding sites after binding to NPs.  
 

 

3.2.1 Factors influencing NP-corona composition, fate and toxicity: physico-chemical 

properties of NPs 

Size (Lundqvist et al., 2008), shape (Deng et al., 2009) and surface charge (Lundqvist et al., 

2008; Qiu et al., 2010; Pozzi et al.,2015), together with the surface modification (Cedervall et al., 

2007) are key factors in determining the composition of the protein corona. For instance, 
hydrophobic NPs, e.g. carbon nanotubes, usually attract proteins with several hydrophobic residues 
(Ge et al., 2011). In addition, enhanced protein adsorption is observed with increased NP size 
(Cedervall et al., 2007). This size-dependent effect can be explained by taking into account the 
curvature of NPs. Larger NPs have reduced curvature, which enables proteins to more freely 
interact with a larger surface area. For istance, gold NPs of larger size were coated with a thicker 
layer of absorbed proteins as compared to gold NPs of smaller size (Dobrovolskaia et al. 2009). 
Tenzer and colleagues discovered that the size of the particles is a critical physico-chemical 
determinant of the human blood plasma corona (Tenzer et al., 2011). They could show that even 
differences in SiO2 NP size of only 10 nm significantly affected the protein corona composition 
around three different SiO2 NPs (with diameters of 20, 30, and 110 nm). At the physiological pH of 
blood plasma (pH=7.3), preferential binding of negatively charged proteins (pI < 7) onto the SiO2 
NP surfaces was reported. The protein size also played a significant role: while proteins with a high 
molecular mass were enriched on the NP surfaces as compared to their abundance in the plasma, 
proteins with low molecular mass were less abundant in the corona than in the surrounding plasma. 
The proteins that show such size-dependence in their adsorption behavior are involved in all kinds 
of biological processes, hence, they could not be attributed to a functional class. Interestingly, they 
were able to identify individual proteins (e.g., prothrombin or gelsolin) showing a higher affinity for 
larger SiO2 NPs (110 nm) but also other proteins (e.g., clusterin) with higher affinities to smaller 
SiO2 NPs (20 nm). Many other proteins such as immunoglobulin G or actin showed no dependence 
on the NP size. The surface curvature has an important role in protein absorption and corona 
composition (Lundqvist et al. 2008). Roach et al. (2006) studied the effects of curvature on two 
structurally different proteins — bovine serum albumin (BSA) and fibrinogen. Although albumin 
retained more native-like structure on smaller particles, fibrinogen was denatured to a greater extent 
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on smaller particles; the influence of surface curvature on the structure of an adsorbed protein 
therefore seems to depend on the nature of the protein. A similar ‘protein-dependent’ behavior was 
reported by Karajanagi et al. (2004) on single-walled carbon nanotubes (SWNTs). Spectroscopic 
measurements in conjunction with kinetic analysis revealed that soybean peroxidase (SBP) retained 
more of its native structure and activity when adsorbed onto SWNTs than chymotrypsin, which 
exhibited a nearly complete loss in activity and structure. 

The shape of NPs also governs the type of protein corona that forms. Notable, titanium 
dioxide nanotubes and nanorods display different protein corona characteristics (Deng et al., 2012). 
The authors found that clusterin and apolipoprotein D were only observed on spherical NPs and 
were not detected on nanorods or nanotubes. 

The surface chemistry of a NP also influences the structure and function of adsorbed proteins. 
Roach et al. (2006) reported a greater change in the secondary structure of both bovine serum 
albumin and fibrinogen on hydrophobic silica spheres than on hydrophilic ones. Moreover, Rotello 
and coworkers (2014) demonstrated the ability to control protein structure and function by tailoring 
the surface chemistry of NPs. By controlling the surface chemistry, they achieved three distinct 
levels of interaction of chymotrypsin with CdSe NPs: no interaction (i.e. no binding to the 
nanoparticles), enzyme inhibition with denaturation and enzyme inhibition with retention of 
structure (Hong et al., 2004). Collectively, these studies suggest that the structure, activity and 
stability of adsorbed proteins can be strongly influenced by both the surface chemistry of the NP 
and its curvature, but in a protein-dependent manner. 

Functionalization appears here as a decisive parameter for the quantity and identity of proteins 
implicated in NP corona. For istance, in order to prevent absorption of proteins and to control the 
protein corona composition, the surface of NPs can be functionalized with different groups. 
Appropriate polymers, such as PEG can also be applied to coat the surface of NPs to decrease 
protein binding and to reduce opsonization (Fig. 24). 
 
 

 
Fig. 24 PEG applied to coat the surface of NPs to decrease protein binding (Blanco et al., 2015).  

 
Finally, polystyrene NPs with different functional groups (i.e., PEG, amidine, carboxyl, 

amine, lysine, methyl, and cysteine) were used in cultured endothelium cells (Ehrenberg et al., 

2009). It was concluded that the protein binding capacity to these functionalized surface of NPs 
demonstrate their tendency to interact with the cells. Additionally, NP-cell association is not 
influenced by the identity of bound proteins. Surface charge of the NPs is a crucial factor in 
determining the protein corona composition and consequentially its eventual fate in the biological 
system. In a study conducted on gold NPs provided with negative, positive and neutral ligands, it 
has been demonstrated that charged ligands (both positive and negative) induce protein distortion, 
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whereas neutral ligands allow preservation of protein structure (Lynch and Dawson, 2008). Gessner 
and co-workers studied the impact of surface charge density of negatively charged polymeric NPs 
and found enhancement in plasma protein absorption with an increase in the surface charge density 
of NPs (Gessner et al., 2002). Studies on polystyrene NPs demonstrated that proteins with 
isoelectric points (pIs) of less than 5.5 (e.g., albumin) adsorbed on positively charged particles 
whereas proteins with pIs of higher than 5.5 (e.g.,  IgG) bound to negatively charged particles. 

A recent study revealed that a positive surface charge is typically correlated with increased 
protein adsorption (Alexis et al., 2008). In addition, Deng et al. (2009) have studied the binding of 
human plasma proteins to commercially available metal oxide NPs such as titanium dioxide, silicon 
dioxide, and zinc oxide with the same surface charge. The authors revealed that similar proteins 
adsorb to titanium and silicon dioxide NPs, whereas significantly different proteins composed the 
hard corona of zinc oxide NPs. In particular, clusterin, apolipoprotein D, and alpha-2-acid 
glycoprotein were detected in the corona of TiO2 and SiO2 NPs while those were not observed in 
the corona of ZnO. Interestingly, some other proteins like transferrin, Ig heavy chain alpha, and 
haptoglobin (alpha) only were found in the corona of ZnO NPs alone.  

Another important parameter for NP–corona interactions is the hydrophilicity/hydrophobicity 
that is correlated with the surface charge. In general, more proteins can adsorb onto the surface of 
hydrophobic NPs than their hydrophilic counterparts (Cedervall et al., 2007a). This results in more 
available protein-binding sites on the surfaces of hydrophobic copolymers (Lindman et al., 2007; 

Saha et al., 2014).  
 

3.2.2 Factors influencing NP-corona composition, fate and toxicity: biological 

environment factors 

The characteristics of the biological environment also play a determinant role in the formation 
of a protein corona: the type of plasma (e.g., human or murine) or biological fluid, incubation time, 
temperature, pH and the physiological state of the plasma (alterations due to disease/medical 
conditions) (Tenzer et al., 2013) may also affect the protein adsorption on the NP surface. 
Typically, corona protein abundance differs significantly from the protein composition in the 
biological fluid investigated (Gebauer et al., 2012; Monopoli et al., 2012; Walkey et al., 2012).  
These factors may synergistically influence the recognition and uptake by cells (Babic et al. 2009; 

Lunov et al. 2011; Mok et al. 2008; Shang et al. 2014; Yang et al. 2011). The impact of media 
composition on the formation of protein corona was studied by Maiorano and co-workers 
(Maiorano et al. 2010). The study was performed by incubating various sized citrate-capped gold 
NPs, in commonly used cellular media including Roswell Park Memorial Institute medium (RPMI) 
and Dulbecco modified Eagle’s medium (DMEM) that were supplemented with the fetal bovine 
serum (FBS). A number of techniques (dynamic light scattering, UV-visible, and plasmon 
resonance light scattering) were used to evaluate the corona formation on gold NPs mediated by 
DMEM and RPMI. It was concluded that formation of protein corona by utilizing DMEM is 
significantly time dependent, while using RPMI leads to distinct dynamics and reduction of protein 
corona.  
Viability assays in both cultured media DMEM and RPMI were performed on two cell lines HeLa 
(human epithelial cervical cancer cell line) and U937 (human leukemic monocyte lymphoma cell 
line) for 15 nm gold NPs. This approach revealed substantial differences in cellular uptake, 
dynamics and NP–protein complexes biodistribution. More specifically, internalization of protein-
NP complexes in cells that were formed in RPMI media was notably higher than those formed in 
DMEM, resulting in higher cytotoxic effects. Moreover, the protein corona formed in DMEM was 
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more abundant and stable compared to protein corona formed in RPMI. Thus these authors 
conclude that in dynamic extracellular environments, the original biological identity may become 
altered, and with it cellular uptake. Biological fluid also play a determinant role in the formation of 
a protein corona: since the majority of NPs are intended for intravenous administration (Webster, 

2013), most of the studies in the current literature are devoted to the characterization of the protein 
corona adsorbed on NPs after incubation in plasma (Landgraf et al., 2015). 

Despite this great variability, a similar subset of about 125 proteins has been shown to be 
adsorbed on various nanomaterials in different amounts when incubated in plasma (Walkey et al., 

2014). These proteins are involved in the same cellular processes, namely, complement activation, 
pathogen recognition and blood coagulation. Among these, IgG, serum albumin, fibrinogen, 
clusterin and apolipoproteins are generally present in the protein corona of most analyzed NPs after 
exposure to plasma (Aggarwal et al., 2009). Studies of the corona of NPs recovered from many 
other biologic fluids, such as urine, synovial fluid, cerebrospinal fluid and pleural effusion, are also 
emerging (Martel et al., 2011) However, when other administrative routes are used, NPs are 
subjected to interactions with biomolecules of other biological fluids before reaching the plasma. 
For example, NPs could derive their initial biomolecular corona from different sources, for 
example, lung entry leads to contact with lung fluids and early studies have focused on protein 
surfactants, such as surfactant protein A (Schleh et al., 2011) and related biomolecules (Choi et al., 

2010); that corona has a very different composition than blood plasma (Kumar et al., 2015) (Fig. 
25). In a recent study, the selective adsorption of surfactant was demonstrated on SWCNs recovered 
from broncheo-alveolar lavage of mice and the presence of this surfactant lipid–protein corona was 
shown to influence the degree of macrophage uptake (Kapralov et al., 2012). Instead, NPs 
administrated via oral ingestion are subjected to contact with saliva and then with fluids of the 
gastrointestinal tract: an environment characterized by a low pH and the presence of enzymes that 
may hinder the bioavailability of NPs. Little information is available about the interactions of NPs 
with the biological milieu of the GI tract (Lee et al., 2015). 
 

 
Fig. 25 Schematic illustration of difference in the hard corona composition on NPs depending on the route of 

administration; intravenous and inhalation.The proteins that adsorbs on NP may vary depending on its 

exposure to the different types of biological fluids in the human body (Foroozandeh and Aziz, 2015).  

 
 

The effect of plasma concentration on the composition of protein corona in vitro was 
investigated by Monopoli and co-workers (Monopoli et al., 2011). They employed polystyrene NPs 
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(PSOSO3) and hydrophilic SiO2 NPs to study the protein adsorption and protein corona. When 
plasma proteins were applied at concentrations between 3% and 80% of plasma, they observed that 
the proteins bound to NPs varied with plasma concentration, while relative amounts of some 
abundant proteins adsorbed on surfaces of silica or PSOSO3 NPs increased with increasing plasma 
concentrations (Monopoli et al., 2011) (Fig. 26). In addition, it was observed that the structure of 
NP-protein complexes in situ is roughly the same with the structure of those in vitro after separation 
from excess plasma. More specifically, the concept that the hard corona may evolve remarkably as 
a function of protein concentrations will have significant impact when studies conducted on in vitro 
cell culture conditions were used to extrapolate over to in vivo conditions. 

Temperature is another important parameter that influences protein corona composition. Body 
temperature varies in the range of 35 to 39°C. Mahmoudi and co-workers have studied the effect of 
temperature variation on the formation and composition of protein corona (Mahmoudi et al., 2013). 
Fluorescently labeled, negatively charged polymer-coated FePt NPs were applied to incubate with 
human serum albumin and fluorescence correlation spectroscopy was used to quantify protein 
absorption at different concentrations and temperatures.  

 

 
Fig.26 NP-protein complexes based on sulfonated polystyrene and silica NPs (Monopoli et al. 2011). 

 
 
3.3 Experimental approaches used to characterize the protein corona 

Many studies have revealed the identity (Cedervall et al., 2015; Sund et al., 2011; Gossmann 

et al., 2007; Caracciolo et al., 2011) and, more recently, also the quantity (Tenzer et al., 2013; 

Sakulkhu et al., 2014; Capriotti et al., 2013) of the proteins in the protein corona using proteomics-
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based approaches coupled with MS. In a typical experimental plan, NPs are incubated in a 
biological fluid that ideally should replicate the features of the in vivo biological milieu. After 
incubation, the NPs are recovered by centrifugation, ultrafiltration (Capriotti et al., 2010) or, more 
recently, by a combination of size exclusion chromatography and ultrafiltration (Hadjidemetriou et 

al., 2015), and extensively washed to avoid contamination of nonbound proteins. Finally, the 
adsorbed proteins are eluted from the NP surface and analyzed by two different methods: gel-based 
or gel-free proteomics (Salvatore et al., 2015). While there are numerous reports which describe the 
protein corona at the surface of NPs in vitro, reports describing the in vivo protein corona are 
limited. Despite many good attempts to simulate the biological systems, in vitro experiments lack 
several dynamic parameters that exist in vivo and are hard to reproduce. The lack of similarities 
between these two models could explain why NPs that seem promising in vitro are less promising 
in preclinical trials. On the other hand, in vivo experiments are complicated by the fact that NPs 
cannot be readily recovered once they are injected in animals for protein adsorption analysis. 
Moreover, the biological identities adsorbed on the NPs in mice and humans could be different from 
one another (Caracciolo et al., 2014) (Fig. 27).  

 
Fig. 27 Predicting the In vivo Behavior and Fate of NPs. Following exposure to biological fluids, NPs 

adsorb biomolecules toform a protein corona,which confers a new biological identity to the NPs. To 

investigate the structure, composition, and biological impact of the protein corona, NPs are typically 

exposed to static plasma or serum in vitro (on the left). NP–protein interactions under realistic in vivo 

conditions have been poorly explored so far.Recent findings have shown that the spontaneous coating of NPs 

in vivo differs from that formed following in vitro incubation. Along with other factors,this is principally due 

to dynamic flow, which introduces shear stress and provides a continual source of new biomolecules 

(Caracciolo et al., 2014). 

 
Recently, Hadjidemetriou et al. (2015) investigated in vivo protein corona formation on 

commercially available liposomes that are used in the clinical setting (i.e., the anticancer agent 
Doxil). In particular, they compared in vivo and in vitro protein coronas in terms of morphology, 
function and composition. The results revealed that the two protein coronas differ in morphology: 
electron microscopy imaging showed that liposomes incubated in plasma in vitro create fibrillar 
structures, whereas liposomes retrieved after in vivo systemic administration did not. Moreover, the 
composition of the in vivo protein corona was more complex, in terms of variety of molecular 
species adsorbed, than the in vitro protein corona. Finally, both in vitro and in vivo protein coronas 
affect the targeting capabilities of NPs, thereby decreasing cellular internalization. However, the 
impact of the in vivo protein corona was weaker. An another main obstacle limiting the progress in 
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this area is the lack of effective techniques allowing for separation of NPs from the in vivo 
environment after administration. However, Sakulkhu et al. (2014) were able to overcome this 
barrier by using polyvinyl-alcohol-coated SPIONs delivered to rats and deployed these NPs to 
investigate the in vivo protein corona formation. It is noteworthy that the unique magnetic 
properties of the particles made the particles separation possible using a strong external magnetic 
field. This study was able to demonstrate that there are substantial differences between the in vitro 

and in vivo protein corona profiles. For example, we found that positive and neutral NPs have 50% 
proteins in common between in vivo and in vitro conditions, and surprisingly, there wereonly 8% 
similarities for the negative particles.  
 

 

3.4 Effect of the corona presence and composition on cellular uptake 

 
The effect of protein corona formation on the cellular uptake of NPs was studied in numerous 

studies (Lesniak et al., 2012; Treuel et al., 2013) (Fig. 28).  
 

 
Fig. 28 Schematic representation of the possible exchange/interaction scenarios at the bionanointerface at 

the cellular level (Mahmoudi et al., 2011).  

 

For example, it is reported that graphene oxide nanosheets can induce the irreversible cell 
damage after uptake of these NPs into the A549 cell. In contrast, when the NPs are incubated into 
fetal bovine serum (FBS) at near body temperature, the formation of protein corona reduces 
negative effects on the integrity of cell membranes after NP uptake (Hu et al. 2011). This study 
reveals that the protein corona can protect the cell from destruction by NPs. However, such 
protection also shows selectivity. When CNTs are coated with fibrinogen (FBG), the release of 
lactate dehydrogenase is the same as the control, which indicates that the FBG-CNTs have no effect 
on the destruction of the platelet membranes. In most cases, a protein coating has been shown to 
decrease adhesion of NPs to the cell membrane, thereby reducing cellular internalization (Salvati A. 

et al., 2013). The presence of PEG was shown to suppress protein absorption resulting in a 
decreased uptake by macrophages (Kah et al., 2009) and longer circulation times in the blood as 
well as altered bio-distribution upon injection in mice (Owens et al., 2006). Attempts were also 
made to coat NPs by specific proteins. For example, transferrin, well known to be internalized via 
its cognate receptor, was used to create a protein corona and study its effect on cellular uptake 
(Jiang et al., 2012). To elucidate how the presence of a protein adsorption layer around NPs affects 
their cellular uptake, Jiang et al. (2012) compared the uptake of small (diameter about 10 nm), 
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carboxyl-functionalized polymer-coated FePt NPs (fluorescently labeled by DY-636 dye molecules 
in the polymer shell), by live HeLa cells in the presence or absence of human transferrin (TF) and 
human serum albumin (HSA) in phosphate-buffered saline (PBS) medium. They studied the uptake 
of the NPs by quantitative confocal fluorescence microscopy. For comparison, they also studied the 
cellular uptake of fluorescently labeled (ca. 1:1 ratio) transferrin and HSA molecules. Whilst 
transferrin was endocytosed in significant amounts, HSA was barely internalized by HeLa cells 
under otherwise identical conditions. In contrast, the uncoated NPs were taken up in large amounts, 
whereas the presence of an HSA or transferrin corona both reduced the amount of endocytosed NPs 
with the exact causes for this behavior remaining uncertain. Also focusing on the transferrin corona, 
Salvati, Dawson and co-workers were able to demonstrate how transferrin-functionalized NPs can 
lose their targeting capabilities when a biomolecule corona adsorbs on their surface (Salvati et al., 

2013). They studied the uptake of transferrin-decorated SiNPs with PEG8 spacers by A549 lung 
epithelial cells. After adding bovine serum to their experiments, proteins from the surrounding 
medium reportedly formed a corona around their pre-functionalized NPs shielding transferrin from 
binding to both its cognate receptors on cells and also to soluble transferrin receptors. While NPs 
were still taken up by the cells, the targeting specificity of transferrin was lost. These findings 
underline very well, the complexity of the situation where even protein mediated cell-targeting 
suffers from corona formation under physiological conditions. In a different approach, Treuel et al. 
(2014) studied the uptake of DHLA coated QDs by HeLa cells, comparing the uptake of the as-
synthesized NPs to the cellular uptake of the same NPs carrying an HSA corona or a corona 
consisting of aminated (HSAam) or succinylated (HSAsuc) HSA, respectively. The cellular uptake 
was studied by confocal fluorescence microscopy and fluorescence intensities were quantified for 
the membrane associated and intracellular fractions of QDs. Their results revealed that the 
unfunctionalized NPs were taken up in the largest amounts while the presence of all corona reduced 
the cellular uptake. A possible contribution to this observation is that, in presence of free proteins, 
the cellular endocytosis machinery was also occupied with internalization of the freely dissolved 
protein. However, intriguing differences were found between the effects of the different coronas, 
essentially all consisting of HSA with just minor chemical modifications. Internalization of 
HSAam-coated NPs by the cells was completely suppressed within the sensitivity limits of their 
experiment. In addition the time-dependent NP uptake by HeLa cells was investigated, using 
spinning disk confocal microscopy. In these experiments, all QDs were found to accumulate at the 
cell membrane within minutes after exposure.  

These findings will clearly help to design NPs for directed cellular uptake. The notion that 
rather the kinetics of membrane binding can be affected by the presence and nature of the protein 
corona, than the kinetics of the actual endocytosis process, allows novel strategies in this context. 
The role of this finding for the passive uptake of NPs by cells, remains unresolved, however, NP-
membrane interactions will likely also play a central role. 
 

 3.4.1 Cellular selectivity 

Distinction in the identity of the protein corona therefore takes very important role for cellular 
uptake, especially the ones mediated by the receptors. For example, the complement proteins often 
found in plasma are critical in activating the complement system, which serves as part of the innate 
immune system to assist phagocytes to clear up pathogens. When NPs adsorb such kind of proteins, 
the NP is easily internalized by phagocytes (Gaucher et al. 2009; Mosqueira et al. 2001; Walkey et 

al. 2011). Similarly, adsorption of immunoglobulins can also promote the uptake by macrophages 
because immunoglobulin also serves in the immune system with similar functions (Gaucher et al. 
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2009). When apolipoproteins are adsorbed on the NPs, they can easily cross the blood–brain barrier 
and be taken up by brain capillary endothelial cells (Kreuter et al. 2007; Wagner et al. 2012). Thus, 
there are multiple receptors for apolipoprotein complexes at cell surfaces that NPs with surface-
adsorbed apolipoproteins can potentially exploit to enter cells (Kim, et al., 2007). Apolipoprotein E 
has been found to associate to some NPs (Cedervall et al, 2007), this has potentially significant 
consequences for neurotoxicity and the development of neurotherapies, as apolipoprotein E is 
known to be involved in trafficking to the brain (Kim et al.,2007). Furthermore, the uptake also 
shows cellular selectivity due to different identities of protein corona. Pre-coating with fetuin can 
promote the cellular uptake of polystyrene NPs by liver macrophages, such as Kupffer cell 
(Nagayama et al. 2007a,b). The uptake level of TiO2 NPs by A549 cell (in lung) can increase after 
adsorbing vitronectins onto the surface, which is regulated by a clathrin-mediated pathway (Tedja et 

al. 2012). SWNTs and 10 nm amorphous SiO2 NPs coated with albumin have been shown to induce 
anti-inflammatory responses in macrophages, measured as inhibited induction of cyclooxygenase-2 
(Cox-2) by lipopolysaccharide under serum-free conditions (Dutta et al., 2007).  
 

 

3.5 Nanotoxicology of protein corona 

The formation of a protein corona impacts not only on the delivery properties of NPs (e.g. 
biodistribution and clearance), it can also influence their toxicity and pathophysiology (Tenzer et 

al., 2013). In fact, the nano-plasma interface can trigger toxicity due to modification of endogenous 
proteins (Pelaz et al., 2013). Such modifications can disrupt the normal function of proteins and 
potentially cause complications, since misfolded proteins have been associated with various 
diseases (Chiti et al., 2006). For instance, NP-induced conformational changes in fibrinogen were 
shown to activate inflammatory signaling pathways (Chiti et al., 2006). Shannahan et al. (2014) 
showed that AgNPs (with or without protein corona) were able to induce a concentration-dependent 
cytoxicity and that corona-coated AgNPs were found to activate cells by inducing IL-6 mRNA 
expression. For example, TiO2 NPs were shown to induce conformational changes of tubulin, thus 
inhibiting its polymerization properties (Gheshlaghi et al., 2008), while gold NPs instead can 
induce changes in the conformation of serum albumin (Wangoo et al., 2008a). It was hypothesized 
that the cytotoxic mechanism underlying this phenomenon is the potential increased 
immunogenicity that the particles can exert by exposing protein epitopes on their surface in an 
aberrant conformation (Nel et al., 2009) (Fig. 29).  

In addition, intracellular proteins, such as cytochrome c (Shang et al., 2009) and ribonuclease 
A (Teichroeb et al., 2008) have also been found to undergo structural changes when exposed to 
NPs.  

Notably, a correlation between NP size and protein unfolding has been observed. Larger NPs 
with lower surface curvature cause more conformational changes in protein structure (Teichroeb et 

al., 2008) Since the structure-function relationship is strong for proteins, NP coronas may also alter 
the behavior of these macromolecules. Iron oxide NPs were found to change the conformation of 
transferrin, causing the protein to prematurely release iron (Teichroeb et al., 2006). Moreover, the 
conformational alteration is irreversible, indicating permanent damage to the function of this protein 
in iron transport.  
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Fig. 29 Schematic representation of NP surface induced unfolding of the interacting protein molecule and 

consequences. (A) Protein molecules adsorb on to the NP surface, to form a complex termed as the (B) NP- 
protein corona. NP surface may induce conformational change to the native structure of the adsorbed 

protein molecule, causing it to unfold. Such protein conformational changesmay either (C) alter the function 

of the native protein moleculeor even lead to (D) exposure of “cryptic” epitopes which may result in 

immunological recognition of the complex (Saptarshis et al., 2013).  
 

To study the structure of proteins in solution and adsorbed onto NP surfaces, a large range of 
experimental techniques has been employed (Treuel et al., 2013). This includes spectroscopic 
techniques such as fluorescence spectroscopy (Mátyus et al., 2006), Fourier transform infrared 
spectroscopy (Wang et al., 2012), Raman spectroscopy and surface-enhanced Raman spectroscopy 
(SERS) (Shao et al., 2009) as well as circular dichroism spectroscopy (Shang et al., 2007). Also, 
other established techniques were used to study protein adsorption such as isothermal titration 
calorimetry (ITC) (Nienhau et al., 2005), and surface plasmon resonance (SPR) (Cheng et al., 

2011). 
For example, it was demonstrated that the presence of poly(acrylic) acid on the surface of gold 

NPs induced unfolding of adsorbed fibrinogen that, in turn, interacted with the leukocyte receptor 
MAC-1, thereby triggering an inflammatory response (Deng et al., 2011). The surface interaction of 
proteins at the nanoscale also affects protein fibrillation, which is at the base of neurodegenerative 
diseases such as Parkinson’s and Alzheimer’s (Saptarshi et al., 2013). Recently, Mirsadeghi et al. 
(2015) found that the protein corona of gold NPs impacts the fibrillation process in a way that 
strongly depends on the protein source and concentration. Studies in animals have shown that C60 
hydrated fullerene may have anti-amyloidogenic capacity resulting from inhibition of the 
fibrillation of amyloid-beta 25–35 peptide (Podolski et al., 2007). A single intracerebroventricular 
injection of a C60 hydrated fullerene at a dose of 7.2 nmol/ventricle significantly improves the 
performance of a cognitive task in control rats. TEM studies have confirmed that C60 hydrated 
fullerene inhibits the fibrillation of amyloid-beta 25–35 peptide.  

On the contrary, the formation of a protein corona can also mitigate the cytotoxicity of NPs. 
Especially in the case of NP–cell membrane interactions, the presence of a protein coat can decrease 
cell damage (Ge et al., 2011). Indeed, NPs that are not precoated with a protein layer may instead 
interact with cell membrane proteins, causing damage to these structures. For instance, it has been 
shown that the toxicity of CNTs (Ge et al., 2011)and gold nanorods (Wang L. et al., 2013) 
decreases upon coating with plasma proteins. While albumin protein coronas decreased the platelets 
aggregation, histone H1 and gamma globulins protein coronas caused platelet aggregation and 
fragmentation, respectively (De Paoli et al., 2014).  



 
 

47 

Furthermore, the protein coating that occurs in biological fluids can increase the stability of 
particles, which is important from the standpoint of cellular toxicity if the secondary degradation 
products of the carriers pose a potential threat. This phenomenon was shown in ZnO (Yin et al., 

2015) and AgNPs (Kittler et al., 2010) in which the formation of a protein corona inhibited NPs 
dissolution and consequent release of Zn and Ag ions that eventually became toxic for cells. Lastly, 
the formation of a protein corona can increase the safety of NPs by inhibiting the generation of 
ROS, by which several compounds exert their cytotoxic activity (Sies et al., 1992). In this context, 
ZnO NPs are again an example of this phenomenon because their pristine surface is a natural trigger 
of ROS, but the formation of a protein corona on their surface inhibits this phenomenon (Yin et al., 

2015). 
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4. ENMs USED IN THE PRESENT STUDY: QUANTUM DOTS 

In the past years, a new class of fluorescent particles emerged as a good candidate for single 
molecule and single particle tracking (SPT) in living cells and organisms, the semiconductor QDs 
(Pierobon et al., 2012). QDs are inorganic fluorescent nanoscale crystals with considerable 
enhanced optical properties in terms of brightness, photostability, blinking and bleaching compared 
to conventional organic and protein fluorophores (Fig. 30). QD core sizes are in the range 2 - 10 nm 
and the individual nanocrystals contain from a few hundred to several thousands of atoms each. The 
most commonly used QDs fall within this size range, but larger NPs have also been fabricated and 
used for other specific applications. QDs are nanometer-scale semiconductor crystals composed of 
groups II to VI or III to V elements and are defined as particles with physical dimensions smaller 
than the exciton Bohr radius (Chan et al., 2002). The core of the QD nanocrystals is typically 
composed of binary mixtures of semiconductor materials (ZnS, CdS, CdSe, InP, CdTe, PbS, PbTe). 

 
Figure 30 Top: Sixteen emission colors from small (blue) to large (red) CdSe QDs excited by a near-

ultraviolet lamp; size of QDs can be from ~1 nm to ~10 nm (depends on several parameters, see text for 

details). Bottom: Photoluminescence spectra of some of the CdSe QDs (Bera et al., 2009). 

 
The optical properties of QDs stem from their composition: a semiconductor material core, 

such as cadmium selenide, lead selenide, or indium arsenide (CdSe, PbSe, or InAs), passivated by a 
coating, or shell, also of semiconductor material (Bruchez et al. 1998; Dabbousi et al., 1997). The 
core semiconductor material has a narrow bandgap, defined as the minimum amount of energy 
required to excite an electron from its ground state to the next highest energy level. This excitation 
of the QDs core occurs through absorption of energy, which causes an electronic transition from the 
ground state to the first excited state. Absorption is followed by the release of energy in the form of 
a photon when the electron relaxes back to the ground state. The core-shell architecture not only 
confines excitation and emission to the core, but also enhances the photoluminescence quantum 
yield of the core emission and protects the core from photobleaching (Bruchez et al 1998; Hines et 

al., 1996; Dabbousi et al., 1997; Kuno et al., 1997; Talapin et al., 2001). The increase in 
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photoluminescence quantum yield results from a surface passivation effect of the core, where the 
number of nonradiative recombination sites, such as holes and gap states, are reduced, enhancing 
the charge transfer (Hines et al., 1996; Dabbousi et al., 1997; Weller, 1993; Peng et al., 1997). QDs 
have been estimated to be up to 20 times brighter and 100 times more stable than traditional 
fluorescent reporters (Chan et al 1998). Most commercial available QDs have emission spectra 
situated in the visual part of the electromagnetic spectrum and include QDs such as (CdS, CdSe, 
CdTe). QDs emitting in the Ultra Violet range have mainly been made of ZnS and ZnSe while 
emission in the near infrared range has been accomplished with materials such as CdS/HgS/CdS, 
InP, InAs (Deng et al., 2012). 

 

4.1 Applications of QDs  

 
QDs have featured in a range of optoelectronic devices, including LCD TVs, light emitting 

devices (LEDs), solar cells, photodiodes, thermoelectrics, photoconductors and field-effect 
transistors, while QD solutions have been used in a number of in vivo and in vitro imaging, sensing 
and labelling techniques (Fig. 31, 32). QDs display many improved optical qualities desirable for 
biological applications, and are advantageous for both singleand multi-color experiments as 
compared to organic dyes (Bruchez et al 1998; Chan et al 1998). The enhanced optical properties of 
QDs, in particular the significant brightness and photostability, make these materials more practical 
in ultrasensitive detection, longterm imaging, and rapid-detection applications, such as flow 
cytometry (Chan et al 1998; Gao et al., 2004; Chen et al., 2004). QDs properties are controllable 
and their signal strength is robust, and as such, are desirable for a wide range of in vivo studies and 
labeling applications, immunoassays, optical encoding for multiplexed analyses, cell tracking, and 
fluorescence resonance energy transfer (FRET) (Bruchez et al 1998; Chan et al 1998; Mattheakis et 

al., 2004; Chen et al., 2004; Dubertret et al., 2002; Larson et al., 2003; Medintz et al., 2004; Cui et 

al., 2007; Akerman et al., 2002; Gao et al., 2002; Parak et al., 2002; Voura et al., 2004). In animal 
bioimaging, Goldman et al. used biotinylated CTxB in conjunction with QD-avidin conjugates 
(Goldman et al., 2002) for labeling of the live HeLa cells. Punctuate labeling of the cell surface by 
QD bioconjugate is typical for molecules such as GM1 that is present in membrane rafts (Jaiswal et 

al., 2004). In another study, they labeled live HeLa cells which were biotinylated using sulfo-NHS-
SS biotinylating reagent and then incubated with the avidin-conjugated yellow-emitting QDs 
(Jaiswal et al., 2003). The interaction of QDs with cells was successfully controlled by the amino 
group content of the CHPNH2 nanogel (Hasegawa et al., 2005). For in vivo bioimaging, Maysinger 
et al. (2007) visualized CdSe and CdTe quantum dots detectable at one hour-, one day-, three days-, 
and seven days post intracortical injection using in vivo imaging techniques. Mice were injected 
subcutaneously and scanned for fluorescence, in particular in the brain, where peak fluorescence 
was observable at three days post injection and persisted for seven days. Sub-cellular resolution was 
achieved and allowed the identification of the location of the conjugates.  

In prokaryote bioimaging, sensitive and selective staining of bacterial mutants using QD 
labels was demonstrated by Smith's group. This principle of detection is based on selective targeting 
affinity of Zn(II)- dipicolylamine coordination complex to phospholipids on the bacterial cell 
surface of specific strain (Leevy et al., 2008; Tallury et al., 2010). In another study, authors 
demonstrated the use of magnetic beads coated with anti-E.coli O157 antibodies and streptavidin-
coated QDs for measuring the bacterial cell concentration (Su et al., 2004). Yang and Li, using QDs 
with different emission wavelengths (525 nm and 705 nm), reported the simultaneous detection of 
E. coli O157:H7 and Salmonella typhimurium (Yang et al., 2006). Indeed, the development of 
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multifunctional NPs combining diagnostic and therapeutic purpose has recently attracted intensive 
interests (Gautrot et al., 2009; Wu, 2010). The clinical applications of QDs include biomarker 
detection in various cancers and imaging and sensing of infectious diseases. As biomarker detection 
in various cancers, the detection of cancer biomarkers is important for diagnosis, disease stage 
forecasting, and clinical management. Multicolor and multiplexing potentialities of QDs are used 
for the detection of four protein biomarkers CD15, CD30, CD45, and Pax5 of Hodgkin's lymphoma 
from lymphoma tissues. Simultaneous visualization using multiplexed QD staining was 
advantageous for the selective identification of rare Hodgkin (Reed-Sternberg) cells, a primary 
diagnostic target for Hodgkin's disease, which was not achievable using traditional 
immunohistochemistry assays (Liu, 2010; Ray, 2011). 

 

 

Fig. 31 Applications of QDs (Xingba S. et al., 2014). 
 
 
Although QDs exhibit these numerous advantageous optical properties, inorganic 

semiconductor materials are toxic to living systems, effectively limiting their use in biological 
systems. While nanoparticle toxicity continues to be an area of much research and debate, numerous 
experiments have documented modified QDs as having limited cytotoxicity, and surface coatings 
have been developed in an effort to minimize toxicity (Mattheakis et al., 2004; Chen et al., 2004; 
Ryman-Rasmussen et al., 2006; Duan et al., 2007). 

 

Fig. 32 Examples of QDs’ bioanalytical and biomedical applications (Drbohlavova et al., 2009). 
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4.2 Toxicity of QDs 

 

The quality and specific degree of QD toxicity has been extensively explored. The nature of 
the surface coatings obviously plays an important role in cytotoxicity. Because QD cores are made 
with elements that are inherently toxic to cells and living systems, concerns exist over their 
potential toxicity for in vivo applications.  

Cadmium ions have been shown to bind to thiol groups on critical molecules in the 
mitochondria and cause enough stress and damage to cause significant cell death (Derfus et al., 

2004; Rikans et al., 2000). Cadmium is the most widely used material for QD cores, so its release 
into the cell would be a logical mechanism of toxicity. In amoeba it has been determined that QD 
labeling had no detectable effect on cell growth and had no deleterious effects on cellular signaling 
and motility during development of the Dictyostelium discoideum cells (Jaiswal et al., 2003). In 
plant, the ratio of reduced glutathione levels (GSH) relative to the oxidized glutathione (GSSG) 
suggests that QDs caused oxidative stress (Navarro et al., 2012; Marmiroli et al., 2015). 

Yan et al. (2011) investigated the potential vascular endothelial toxicity of mercaptosuccinic 
acid (2-sulfanylbutanedioic acid)-capped QDs in vitro. Their results suggested that QDs could not 
only impair mitochondria but also exert endothelial toxicity through activation of mitochondrial 
death pathway and induction of endothelial apoptosis. Chen et al. (2012) have studied the 
cytotoxicity of CdTe/CdS (core-shell) and CdTe/CdS/ZnS (core-shell-shell); their results suggest 
that the cytotoxicity of CdTe QDs not only comes from the release of cadmium ions but also from 
the intracellular distribution of QDs in cells and the associated nanoscale effects. 

Derfus et al. (2004) used hepatic cells to monitor toxic effects of QDs, as the liver is the 
primary site for acute damage from cadmium and a major accumulation site for NPs. Results 
indicated that oxidation of the NP surface, either induced by exposure to air before solubilization or 
catalyzed by UV light, caused oxidation of selenium and/or sulfur, exposing free cadmium (Murray 

et al., 1993; Dabbousi et al., 1997; Katari et al., 1994; Alivisatos, 1996). Exposure to air before 
solubilization or moderate to prolonged exposure to UV light after incubation increased the amount 
of cadmium in the cells enough to cause observable cell death. Further efforts demonstrated that 
cells labeled with quantum dots synthesized under stable, inert conditions showed no toxic effects. 
In addition to air and UV exposure, QD surface oxidation can occur in oxidative solutions, such as 
hydrogen peroxide, which is relevant because such environments are possible in vivo. In a separate 
report using CdSe/ZnS core/shell NPs solubilized with mercaptoacetic acid, Kirchner et al. (2005) 
showed that Cd2+ was released into cells at toxic levels over time (48 hours), under standard 
synthesis and imaging conditions. 

Cell death caused by cadmium ion release is not the only type of toxicity exhibited by NPs. 
QDs can also damage DNA and disrupt normal cell activity caused by factors such as the surface 
coatings themselves. Zhang et al. (2006) made phenotype and whole genome measurements of 
human fibroblast cells exposed to PEG-silica-coated quantum dots, as they were proven to be the 
least toxic and most stable. The fibroblast cells were monitored for other activity interruptions 
based on exposure to nanomolar QD concentrations. DNA damage was observed based on 
interactions with QDs coated with carboxylic acids (Hoshino et al., 2004). 

By examining the effects of the free core materials in solution, cadmium was determined as 
the primary cause of cytotoxicity, but its levels could be reduced or eliminated by adding additional 
surface coatings (Derfus et al., 2004), (Kirchner et al., 2005). Prevention of core material oxidation 
is essential to reducing toxicity and increasing biocompatibility of QDs. Coatings used to increase 
the quantum yield of the core, or for solubility and conjugation, have been shown to reduce 
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cytotoxicity of QDs. The fundamental notion is that additional layers act as a physical barrier to the 
core, preventing access, with different surface coatings having varying levels of passivation. A 
common surface shell coating for CdSe core-QDs is ZnS, and as mentioned, the additional 
semiconductor layer increases the material’s photoluminescence (Hines et al., 1996; Dabbousi et 

al., 1997). Additionally, the semiconductor shell aids in reducing the cytotoxicity of the core 
material, as the concentration where cell death was first observed was approximately nine times 
higher for CdSe/ZnS (core/shell) QDs than with CdSe core QDs alone. The ZnS shell protects the 
core from oxidation and other environmental factors that contribute to cadmium release (Kirchner 

et al., 2005). 
 

 

5. ENMs USED IN THE PRESENT STUDY: NANOSILICA 

SiO2 NPs, also know as silica nanoparticles or nanosilica, are the basic for a great deal of 
biomedical research due to their stability, low toxicity and ability to be functionalized with a range 
of molecules and polymers. Moreover, the precise control of silica particle size, porosity, 
crystallinity, and shape strengthen their possibilities in nanobiotechnology (Liberman et al., 2014) 
(fig. 33).  

 

 
Fig. 33 SEM imaging of silica nanospheres (provided by Polshettiwar's NanoCat Group). 

 
Nanosilica can be synthetized through two main methods, the high-temperature thermal route, 

to yield pyrogenic silica, or low-temperature wet routes to form precipitated, colloidal, mesoporous 

silica or silica gel (Napierska et al., 2010). Colloidal silicas (silica sols) are stable dispersions in a 
liquid, usually water. Furthermore, which are generally hydrophilic, may be rendered hydrophobic 
by surface treatment. Nanosilica exist as highly pure, white, fluffy powders or milky-white 
dispersions of these powders in fluids.  

Furthermore, nanosilica, which are generally hydrophilic, may be rendered hydrophobic by 
surface treatment on an industrial scale, either by physical or chemical treatment. Methods for 
chemical modification of the silica particle surface, i.e. silylation, are many and various. The most 
common treating agents are organosilicon compounds like dimethyldichlorosilane, 
hexamethyldisilazane and polydimethylsiloxane fluids. With respect to particle size, the German 
standard DIN 53206 distinguishes between primary particles, aggregates and agglomerates (DIN, 

1972). Primary particles are recognisable by electron (transmission, scanning) microscopy as sub-
units of pyrogenic and precipitated nanosilica or individual particles in sols. For nanosilica gels, 
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primary particles are not visible: nucleation and condensation give rise to further particle growth. 
Primary particles in the case of pyrogenic or precipitated do not exist in isolation (Degussa, 1984b). 
Aggregates are assemblies of primary particles which are grown together face-to-face in the form of 
chains or clusters. The aggregates are formed by the collision of primary particles during particle 
growth and/or by the further deposition of silica onto these aggregates. Nanosilica aggregates 
represent the smallest, stable, non-dispersible particle units of three-dimensional structure, with a 
size ranging from 100 to 1,000 nm for pyrogenic and precipitated. These aggregates can be found at 
infinite dilution or after blending in a polymer matrix, e.g. composites. For gels, aggregates form 
macroscopic structures. Nanosilica sols consist of primary particles and aggregates only in a fluid 
like water, organic solvent or a polymeric matrix but typically agglomerate irreversibly under 
drying. Agglomerates are assemblies of aggregates, held together by strong physical adhesion 
forces.  
 
5.1 Applications of amorphous silica NPs 

Nanosilica has been commercialised since the 1950 and is currently used in a wide variety of 
industrial applications. The main use of nanosilica is as reinforcement and thickening agent in 
various systems. It exhibits a high absorption capacity due to their high porosity, therefore it is used 
as adsorbing agents. In coating for ink-jet paper, absorbs large volumes of water from ink drops 
which lead to fast drying times.  
Nanosilica is integrated in a wide variety of commercial products for human use, such as 
pharmaceutical products, paints, cosmetics, food (eg. food additive E551) and is also used in beer 
and wine clarification. In addition, the unique physicochemical properties of nanosilica make it 
attractive for a variety of biomedical and biotechnological applications such as cancer therapy, 
drugs and gene delivery and biosensors (Vivero-Escoto et al., 2012; Malvindi et al., 2012). 
 
5.2 Cytotoxicity of amorphous silica NPs 

The emerging commercialization of the nanosilica products has increased the environment and 
human exposure.  

Human exposure to nanosilica may occur during production, storage, transportation, and 
consumer use (Napierska et al., 2010). Due to their very small density, nanosilica can be readily 
evaporated into air and can be inhaled. Following inhalation, NPs have been reported to rapidly 
cross the alveolar capillary barrier and penetrate into to the systemic circulation and reach various 
organs (Nemmar et al., 2002; Oberdorster et al., 2002). In contrast to cristaline silica like quartz or 
cristobalite which are known to be carcinogenic and which cause the lung disease silicosis after 
chronic inhalation, amorphous silica NPs were classified as harmless in 1997, as there is inadequate 
evidence for carcinogenicity (Napierska et al., 2010; IARC, 1997). 

The potential toxicity of nanosilica has been extensively investigated in several studies and 
experimental evidence of a dose dependent oxidative stress, cytotoxicity and inflammatory effects 
has been reported (Athinarayanan et al., 2014; Lin et al., 2006; Morishige et al., 2010; Park et al., 

2009). Cytotoxicity of silica NPs was observed to be dependent on nanoparticle size (Waters et al., 

2009; Nabeshi et al., 2010; Nabeshi et al., 2011), particle concentration, number or surface area 
(Napierska et al., 2009; Li et al., 2011a; Sun et al., 2011; Yang et al., 2010), surface properties and 
porosity (Napierska et al., 2009; Morishige et al., 2010), incubation time (Sun et al., 2011b), 
proteins in the cell medium (Drescher et al., 2011; Al-Rawi et al., 2011) and the cell type 
(Palomaki et al., 2010; Chang et al., 2007) as well as the metabolic activity of the cells (Chang et 

al., 2007). The experiments were carried out on a variety of cells including endothelial cells 
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(Napierska et al., 2009), human and mouse macrophages (Morishige et al., 2010; Palomaki et al., 

2010), liver cells (Li et al., 2011a; Sun et al., 2011b), keratinocytes (Nabeshi et al., 2011; Yang et 

al., 2010), epithelial cells (Chang et al., 2007), dendritic cells (Palomaki et al., 2010), several types 
of fibroblasts (Drescher et al., 2011; Chang et al., 2007), cancer cells (Al-Rawi et al., 2011) and 
Langerhans cells (Nabeshi et al., 2010). 
It has been reported that intravenous administration of nanosilica induces consumptive coagulop-
athy in mice (Nabeshi et al., 2012). More recently, we have demonstrated that intraperitoneal 
administration of amorphous nanosilica cause prothrombotic events, endothelial dysfunction and 
systemic inflammation in mice (Nemmar et al., 2002). However, little is known about the direct in 

vitro effect of amorphous SiNP on platelets. 
In the study, Di Cristo and colleagues (Di Cristo et al., 2015), studied effects of two 

representative preparations of nanosilica, NM-203 (pyrogenic) and NM-200 (precipitated), of 
comparable size, specific surface area, surface charge and hydrodynamic radius in complete growth 
medium, in two murine macrophage cell lines (MH-S and RAW264.7 cells). The results presented 
in this study indicate that pyrogenic NM-203 nanosilica are more biologically reactive and pro-
inflammatory than precipitated NM-200 nanosilica. In particular, NM-203 resulted more cytotoxic 
and exhibit larger effects on macrophage activation than NM-200, suggesting that the thermally 
produced synthetic amorphous silica is correlated to the presence of crucial determinants of 
biological responses.  

They shown that, when incubated in protein-rich fluids, NM-203 adsorbed on their surface 
more proteins than NM-200 and, once incubated with macrophages, elicited a greater oxidative 
stress, assessed from Hmox1 induction and ROS production. Flow cytometry and helium ion 
microscopy indicated that pyrogenic NM-203 interacted with macrophages more strongly than the 
precipitated NM-200 and triggered a more evident inflammatory response, evaluated with Nos2 

induction, NO production, and the secretion of TNF-α, IL-6 and IL-1β. The greater biological 
reactivity of pyrogenic nanosilica does not seem to depend on a different agglomeration behaviour 
when dispersed in biological media but may, instead, derive from their higher surface reactivity 
associated with a higher capability to: i) adsorb proteins and, possibly, other bioactive organic 
molecules, ii) interact with cell membranes and iii) induce oxidative stress in exposed cells. 

Mesoporous nanosilica (i.e. nanosilica with pores in their matrix) were mainly tested with 
regard to their hemolytic properties. They showed mainly to be non-hemolytic, regardless of their 
size, surface groups, and dosage (Yu et al., 2011; Slowing et al., 2009). Furthermore, certain cell 
lines are less susceptible of getting damaged in the presence of nanosilica than others (Schrurs and 

Lison, 2012). In another study, Nemmar and colleagues, discovered that the in vitro incubation of 
nanosilica in whole blood caused oxidative stress, increased intracellular calcium and platelet 
aggregation in a dose-dependent fashion (Nemmar et al., 2002). Nanosilica as carriers of drug 
delivery systems are generally injected into the body intravenously and translated to organs via the 
systemic circulation (Brook et al., 2010). It was reported that the liver is the target organ in which 
the nanosilica could be accumulated and retained for over 30 days (Nishimori et al., 2009; Xie et 

al., 2010). Therefore, it is essential to understand the biological effects and potential hepatotoxicity 
of nanosilica either in vivo or in vitro. Currently, several studies have reported that the nanosilica 
can penetrate the cell membrane, deposit in mitochondria or even the nucleus, and eventually lead 
to cell death (García-Saucedo et al., 2011; Fruijtier-Pölloth et al., 2012). Yua and colleagues 
demonstrated that autophagy and autophagic cell death was induced as a result of ROS generation 
in HepG2 cells after exposed to the nanosilica (Yua et al., 2014) 

Zhang et al. (Zhang et al., 2012) found that the lung toxicity of pyrogenic nanosilica was 
comparable to or even exceeding that of crystalline silica NPs (Fubini and Hubbard 2003). 



 
 

55 

Moreover, relatively high doses of pyrogenic nanosilica resulted in rat liver fibrosis after 84 days of 
exposure (van der Zande et al., 2014). However, also nanosilica produced with wet methods have 
been found to be endowed with some toxicity (Kaewamatawong et al., 2005; Morishige et al., 

2010; Nishimori et al., 2009). As far as precipitated nanosilica are concerned, they have been found 
to produce only transient and reversible neutrophilic lung inflammatory responses at 24 h (Sayes et 

al., 2007). In addition, precipitated nanosilica seem nearly inert when assayed for hemolytic activity 
(Pavan et al., 2013) and failed to induce significant increases in the frequency of micronucleated 
binucleate cells (MNBCs) in human lymphocyte populations (Tavares et al., 2014). An inhalation 
toxicity study in Wistar rats (Arts et al., 2007) demonstrated that pyrogenic silica induced a more 
pronounced increase in the expression of lung inflammation markers and, although equally cleared 
from the tissue, produced more severe histopathological changes than the precipitated form. 
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6. CELLULAR MODELS USED IN THE PRESENT STUDY: YEAST 

The yeast Saccharomyces cerevisiae, one of the most important model fungal organisms, 
plays an important role as a model of eukaryotic cells for biochemical and physicochemical 
experiments (Gromozova et al., 2007) (Fig. 34).  
 

 
Fig. 34 Saccharomyces cerevisiae 

 
In the ensuing 8000 years, this fungus played a central role in food production and 

conservation thanks to its ability to ferment glucose to ethanol and carbon-dioxide. But not only 
being useful in daily brewers and bakers practice, yeast, as a simple, unicellular eukaryote 
developed to a unique powerful model system for biological research: it is still the most facile 
organism for studying the relationship of genotype to phenotype in eukaryotic cells. Since its 
cellular structure and functional organization have a high degree of similarity to cells belonging to 
higher-level organisms. 

Indeed, Saccharomyces has already begun to play a central role in both the pharmaceutical 
and the industrial arenas. S. cerevisiae is a popular and widely used eukaryotic model organism for 
the study of the oxidative stress and aging (Unlu and Koc, 2007) as 30% of known genes involved 
in human disease have yeast orthologues, that is, functional homologues (Ploger et al., 2000; 

Mager and Winderickx, 2005), and the high conservation of metabolic and regulatory mechanisms 
has contributed to the wide-spread use of yeast to as a model eukaryotic system for diversed 
biological studies. S. cerevisiae is also growingly used in the toxicological evaluation of chemicals 
such as heavy metals (Kungolos et al., 1999; De Freitas et al., 2003; Schmitt et al., 2004), 
anticancer drugs (Buschini et al., 2003), herbicides (Cabral et al., 2003) or food preservatives such 
as monocarboxylic acids (Kasemets et al., 2006). 

Yeast has also a number of advantages for processes that require production on a large scale: 
the low cost of culture media and a history of efficient fermentation technology. Moreover, the 
yeast itself, a by-product of the production process, is a valuable commodity for animal feed and 
thus does not incur additional costs required for disposal.  
 

 
6.1 Yeast cells exposed to NPs 

S. cerevisiae is a promising unicellular eukaryotic organism for the toxicological evaluation of 
NPs. So far, few studies have investigated the potential impact of NPs on yeast. Marmiroli and 
colleagues (Marmiroli et al., 2015) studied CdS QD cytotoxicity. Results obteined shown that 
several haploid mutants sensitive to CdS QD treatment; these mutants are deleted in genes 
associated with the abiotic stress response, various metabolic processes, mitochondrial organization, 
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transport and DNA repair and NP sensitivity could not have been due to the release of Cd2+ from 
these QDs. A gene ontology analysis highlighted the role of oxidative stress in determining the 
cellular response.  

In another work, Han and colleagues (Han et al., 2012) studied the toxicity and subcellular 
localization of CdTe QDs and the mechanism of QD induced cell death. Their results reveal that 
QDs are toxic to yeast cells in a concentration-dependent manner. TEM images  suggested that QD-
induced cytotoxicity is due to endocytosis and is partially dependent on the QD size.  

Instead, Sun and colleagues (Sun et al., 2014) investigated the potential effect of synthesized 
CdSe NPs. The results revealed that these nanoparticles (20–30 nm) showed a strong inhibitory 
effect on the growth of yeast cells. Most importantly, contrary to the findings in mammalian cells, 
the toxicity seems to be not attributed to mitochondrial dysfunction and autophagy, because 
mitochondrial membrane potential (MMP) was not affected by the NPs, and deletion of the 
autophagy-required gene, ATG1, had no impact on the toxicity. The mitochondria showed intact 
membrane and normal function in the CdSe NP-treated yeast cells, implying that ROS is mainly 
produced by other sources rather than the mitochondria. One possible mechanism of ROS 
production in the CdSe treated yeast cells is the direct contact of the NP surfaces and electron donor 
groups of biomolecules, which observed by Li and colleagues (Li et al., 2014). Then this toxicity is 
associated with a novel mechanism, the enhancement of vacuolar membrane permeabilization 
(VMP), finding a dose-dependent effect of CdSe NPs on VMP in yeast cells. This is associated with 
ROS accumulation and depends on End3-mediated endocytosis: deletion of the endocytosis 
required gene, END3, led to a significant decrease of the inhibitory effect of the CdSe NPs. These 
results reveal a key role of the vacuole during the interaction between CdSe NPs and yeast cells. 

Kasemets and colleagues (Kasemets et al., 2009) evaluated the toxic effect of ZnO, CuO and 
TiO2 NPs on the growth of S. cerevisiae. Results indicate that TiO2 NPs were not toxic for yeast 
cells, instead ZnO NPs, as well as bulk ZnO, showed concentration-dependent effects on yeast 
growth and about 80% inhibition of the growth was observed at 250 mg/L. In this study, also CuO 
NPs were 32-fold more toxic to a wild-type S. cerevisiae strain than bulk-CuO: complete inhibition 
of growth occurred at 40 mg/L. These authors suggested that CuO NPs adsorbed onto the outer 
surface of these yeasts and that this process increased NP solubility in the close vicinity of yeast 
cells, resulting in the increased uptake of Cu2+.  

In another study, same authour and colleagues (Kasemets et al., 2013) used eight oxidative 
stress response-deficient haploid mutants (sod1∆, sod2∆, yap1∆, cta1∆, ctt1∆, gsh1∆, glr1∆, and 
ccs1∆) and one copper-vulnerable mutant (cup2∆). Results indicate that the toxicity of CuO NPs is 
not mediated by oxidative stress. The most vulnerable strain was the copper stress response-
deficient strain cup2∆, indicating that the toxic effect of CuO NPs proceeds via dissolved cupper 
ions. 

Lee and colleagues (Lee et al. 2009) reported that S. cerevisiae showed a higher survival rate 
than Escherichia coli and Bacillus subtilis after exposure to nanosized silver powder. Schwegmann 
and colleagues (Schwegmann et al. 2010) showed that S. cerevisiae was less affected by the 
presence of iron oxide NPs compared with E. coli. Hadduck and colleagues (Hadduck et al. 2010) 
mentioned that no reduction in the cell yield of S. cerevisiae was observed in the presence of 
fullerene. Garciá–Saucedo and colleagues (García-Saucedo et al., 2011) demonstrated that 
nanoscale HfO, HfO2, SiO2, Al2O3, and CeO2 displayed low or no toxicity toward S. cerevisiae. 
Interestingly, in another study (García-Saucedo et al.,2013), García-Saucedo and colleagues 
reported that dispersant supplementation (Dispex A40) enhanced the toxicity of CeO2 (at 1000 
mg/L) toward S. cerevisiae. Same author in another study (Otero-González et al., 2013) evaluated 
the toxicity in yeast of a variety of commonly used inorganic NPs (TiO2, ZrO2, Mn2O3, Fe0, and 
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Fe2O3). Cytotoxicity was evaluated based on measurements of O2 consumption rate and membrane 
integrity. In addition, the effect on toxicity of NP dispersion was assessed by using a dispersant to 
reduce NPs agglomeration in the assay medium, as for CeO2. Indeed, aggregation and settling of 
NPs during toxicity testing, leading to a decrease in the concentration effectively dispersed, is a 
concern because of the uncertainty in the actual NP concentration in contact with the 
microorganisms. Moreover, the formation of large aggregates exceeding the typical dimensions of 
NPs (1–100 nm) may hinder the evaluation of nanotoxicity. They reported that Mn2O3 NPs were 
toxic to the yeast based on O2 consumption (IC50 = 170 mg/L) and cell membrane damage (30% 
cells with compromised membrane at 1000 mg/L and 5.4% of the cells completely dead). FeO NPs 
showed low toxicity (44% inhibition at 1000 mg/L) in the O2 uptake test, but slightly negative on 
the cell membrane integrity. The other NPs (TiO2, ZrO2, and Fe2O3) did not affect the O2 
consumption of the cells and did not display any significant effect on membrane integrity. The 
effect of aggregation of NPs in their toxicity was evaluated using a dispersant. The dispersant 
increased the stability and decreased the aggregation of TiO2, ZrO2, and Mn2O3 in YEPD medium; 
the presence of dispersant did not alter the non-toxic behavior of TiO2 and ZrO2 NPs. For the toxic 
NPs, such as Mn2O3, there was a small decrease in the toxicity when the dispersion stability was 
increased with a dispersant, potentially due to particle surface modifications that altered the 
interaction between the NPs and the cells.  

Zhang and colleagues (2016) investigated the cytotoxicity of ZnO NPs to the wild-type cells 

and three yeast mutants (yap1∆; quadruple mutant, 4∆; quintuple mutant; 5∆). In particular, yap1∆ 
has a single deletion in the yap1 gene, which regulates the enzymatic response to oxidative and 
metal stress; this mutant is sensitive to NP-related oxidative stress. The quadruple gene deletion 
mutant (4∆: cwp1∆ cwp2∆ snq2∆ pdr5∆) has several mutation in genes that control cell membrane 
permeability and is sensitive to metal ions or mechanical damage-induced toxicity. The quintuple 
gene deletion mutant (5∆: cwp1∆ cwp2∆ snq2∆ pdr5∆ yap1∆) has several mutation in genes that 
govern both the effect of oxidative defense and cell membrane permeability and is sensitive to 
oxidative and/or mechanical damage toxicity. Results show high toxicity of ZnO NPs in these yeast 
mutants.  

In another study, Sun and colleagues (Sun et al., 2014) demonstrated that PbS NPs (80 nm, 
diameter) exhibited high toxicity in yeast through induction of mitochondria-associated apoptosis. 
Furthermore observed that S. cerevisiae, in response to NP exposure, increased the synthesis of 
chitin and activated cell wall integrity signalling pathway. They observed activation of the CWI 
(conserved cell wall integrity) pathway supported by the increased PRM5 and FKS2 gene 
expression in cells treated with PbS NPs. Therefore, the CWI pathway is spontaneously activated in 
S. cerevisiae to maintain cell wall integrity in response to cell wall stress: as a protective strategy, 
yeast cells deposit an increased amount of chitin in the cell walls and activate CWI signaling to 
maintain cell wall integrity.  
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7. CELLULAR MODELS USED IN THE PRESENT STUDY: HUMAN 

INTESTINAL CELL LINE 

The intestinal epithelium is the main barrier preventing molecules from the lumen (e.g. food 
and toxins) reaching the systemic circulation. Metabolism and transport of drugs across intestinal 
membrane are therefore multifaceted and dynamic process involving both passive and active 
transport mechanisms. The epithelium is composed of several cell types: enterocytes, goblet cells, 
Paneth cells, enteroendocrine cells and stem cells. However, absorptive and goblet cells constitute 
the two major cell types of the intestine. The Caco-2 cell line was derived from intestinal absorptive 
cell types.  
 

7.1 Caco-2 cell line 

The Caco-2 cell line derived from human colon adenocarcinoma is considered the most 
common in vitro model used for investigation and prediction of intestinal drug and food absorption 
(Sambuy et al. 2005). It is derived from heterogenous human epithelial colorectal adenocarcinoma 
cells, developed through research by Jorgen Fogh in 1975 at Sloan-Kettering Institute for Cancer 
Research (Fogh et al.,1975). Caco-2 cells differentiate spontaneously on reaching confluence in the 
presence of normal culture conditions and exhibit structural and functional differentiation patterns 
characteristic of mature enterocytes (Fig. 35) 
 

 
Fig. 35 Caco-2 cell line.  

 
 

At confluence, there is progressive development of brush border. The surface occupied by 
each cell gradually reduces from 5 to 20 days post-confluence and intimate intercellular junctions 
are developed (Pinto et al., 1983). During the same period, the length and density of microvilli 
increase. The Caco-2 cells form well - developed tight junctions after 21 days of culturing. At day - 
30 post-confluence, the cell surface reaches minimum with typical enterocytes-like morphology. 
Most cells develop complete brush borders with tall and regular microvilli when the full structural 
polarization is achieved after 30 days (Vachon et al., 1992) .  

The complete polarized Caco-2 cells resemble human small intestinal mucosa cells expressing 
brush borders, tight junctions and, efflux and uptake transporters at both apical and basolateral 
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compartments (P-gp, MRP 1-3). The polarized cells depict several functions of normal enterocytes 
including expression of brush border enzymes, some cytochrome (CYP) isoenzymes and phase II 
enzymes (Bohets et al., 2001). The differentiated cells exhibit high levels of alkaline phosphatase, 
sucrase isomaltase and aminopeptidase activity characteristic to enterocyte brush border microvilli. 
Although Caco-2 cells express many enzymes and transporters present in the small intestine, the 

high TEER (200-600 Ωcm
2
, grown on polycarbonate filters) and poor paracellular permeability 

properties resemble colonic cells (mannitol (m.w. 182 g/mol), Lucifer yellow (453 g/mol), 
polyethylene glycol (4000 g/mol), inulin (5000 g/mol), and dextran (70000 g/mol) (Grasset et al., 

1984; Hidalgo et al., 1989; Artursson et al., 1993). 
Caco-2 cell monolayers have been used for studying mechanisms of passive paracellular 

(Artursson et al., 1993) and passive transcellular permeability (Artursson 1990), carrier mediated 
absorptive transport of amino acids (Thwaites et al. 1995b), amino acid analogues (Hu and 

Borchardt, 1990; Thwaites et al., 1995a), oligopeptides (Thwaites et al. 1993), ß-lactam antibiotics 
and ACE-inhibitors (Inui et al. 1992) and peptidomimetic thrombin inhibitors (Walter et al. 1995). 
Carrier mediated efflux (combined with metabolism inside the enterocytes) of several drugs has 
been intensively studied over the last years (Benet et al. 1999; Walgren et al. 1999; Polli et al. 

2001; Eneroth et al. 2001; Tran et al. 2002; Troutmann and Thakker 2003; Collett et al. 2004), as 
well as cocktail dosing of several different drugs (Bu et al. 2000; Markowska et al. 2001; 

Tannergren et al. 2001; Larger et al. 2002; Augustijns and Mols 2004; Palmgren et al. 2004). TC-
7, a subclone of Caco-2 cells, is also used for permeability screening of tests compounds. The TC-7 
clone displays morphological features of brushborder membrane, microvilli and tight junctions 
similar to Caco-2 monolayer (Balimane et al., 2005). There is a good correlation of passive 
transcellular absorption of compounds through TC7 and the parental Caco-2 cell monolayer 
comparable to the extent of permeability in humans. The TC-7 model therefore offers an alternative 
to Caco-2 for intestinal permeability assessment of test compounds. In addition, TC-7 has an 
advantage over Caco-2 by expressing high levels of CYP3A4 enzymes well represented in the 
intestine. 

 However, TC-7 unlike Caco-2 cell lacks transport proteins and therefore its application is 
skewed towards metabolism of drug employing CYP3A4. The intestinal epithelial cell line 2/4/A1 
originates from fetal rat intestine and is considered to mimic intestinal passive paracellular 
permeability in humans better than Caco-2 monolayer (Tavelin et al., 2003a, Tavelin et al, 2003b). 
This immortalized cell is reported to differentiate monolayers with tight junctions, brush-border 
membrane enzymes and transporter proteins. Unlike, Caco-2, tight junctions expressed in 2/4/A1 
are loose and better for studies of compounds absorbed in the human intestine via the paracellular 
route. The model has been proven tobe excellent for prediction of poorly absorbed compounds such 
as mannitol and creatinine better than Caco-2 but comparable to that of human jejunum (Tavelin et 

al., 2003a, Tavelin et al, 2003b). 
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8. BIOLOGICAL SAMPLES USED IN THE PRESENT STUDY: HUMAN BLOOD 

 
Human blood is a non-homogeneous system composed of deformable cells suspended in 

plasma. It contains 55% of plasma and 45% of cells. These cells (erythrocytes, leukocytes and 
thrombocytes) are suspended in plasma. Leukocytes and thrombocytes form a small fraction. The 
erythrocytes are about 5 millions/cu.mm, White cells vary from 5000 to 8000 /cu.mm and platelets 
from 250000 to 300000/cu.mm. The ratio of cells in normal blood is 600 erythrocytes for each 
leucocyte and 40 thrombocytes. The plasma is about 90% water by weight containing 7% plasma 
proteins, 1% inorganic and 1% other organic substances (Fig. 36). 
 
 

 
Fig. 36 Components of human blood. Sal Khan Khanacademy 

 
The plasma viscosity is determined by its dissolved macro molecular components and its 

primary component is water. The contribution of individual protein fraction is related to the mass 
and shape of the molecules. The normal range of plasma viscosity is between 1.10 and 1.35 m Pas 
at 37 degrees centigrade. Flow behavior of blood plasma or serum is affected by protein 
components. The contribution of proteins is related to their molecular weight and shape. Small 
globular molecules such as albumin are of less significance. On the other hand fibrinogen, a high 
molecular weight protein, has strong effect on plasma viscosity. Fibrinogen affects also the 
aggregability of erythrocytes, then adhesion which is the cause of disturbances in microcirculation.  
Blood was first emphasized diagnostically by Hippocrates, who proposed that disease was due to an 
imbalance of four humors: blood, phlegm, yellow bile, and black bile. The importance of this idea 
was to propose a physical cause, and not a divine one, for human disease, and it remained basic to 

medical practice for over a thousand years. With Wohler’s synthesis of urea in 1828, the distinction 
between living matter and chemicals began to disappear, and with the enunciation of the cell theory 
by Schleiden and Schwann, the question of the location of disease could be productively revisited: 
Virchow described the cellular (as opposed to humoral) basis of disease and finally put an end to 
phlebotomy as general therapy. Despite not being a humor or “vital principle,” plasma remained a 
subject of interest throughout this period: in the 1830 Liebig and Mulder analyzed a substance 
called “albumin,” in 1862 Schmidt coined the term “globulin” for the proteins that were insoluble in 
pure water, and in 1894 Gurber crystallized horse serum albumin (Putnam, 1975–1987).  
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Elaborating on Putnam’s classification from a functional viewpoint, the protein content of plasma is 
classified into the following design/function groups: 
 

• Proteins Secreted by Solid Tissues and That Act in Plasma 

The classical plasma proteins are largely secreted by the liver and intestines. A key aspect of 
plasma proteins is a native molecular mass larger than the kidney filtration cutoff ( ̴ 45 kDa) 
and thus an extended residence time in plasma (albumin, which is just larger than the cut off, 
has a life time of about 21 days). 

 

• Immunoglobulins 

Although the antibodies typically function in plasma, they represent a unique class of 
proteins because of their complexity: there are thought to be on the order of 10 million 
different sequences of antibodies in circulation in a normal adult. 

 

• “Long Distance” Receptor Ligands 

This group included the classical peptide and protein hormones. These proteins come in a 
range of sizes, which may indicate a range of time scales for their control actions (i.e. rapid 
adjustment with small hormones such as insulin and slower adjustments with larger 
hormones such as erythropoietin). 

 

• “Local” Receptor Ligands 

These include cytokines and other short distance mediators of cellular responses. In general 
these proteins have native molecular weights under the kidney filtration cutoff (and hence 
relatively short residence times in plasma) and appear to be designed to mediate local 
interactions between cells followed by dilution into plasma at ineffective levels. High 
plasma levels may cause deleterious effects remote from the site of synthesis, e.g. sepsis. 

 

• Temporary Passengers 

These include non-hormone proteins that traverse the plasma compartment temporarily on 
their way to their site of primary function, e.g. lysosomal proteins that are secreted and then 
taken up via a receptor for sequestration in the lysosomes. 

 

• Tissue Leakage Products 

These are proteins that normally function within cells but can be released into plasma as a 
result of cell death or damage. These proteins include many of the most important diagnostic 
markers, e.g. cardiac troponins, creatine kinase, or myoglobin used in the diagnosis of 
myocardial infarction. 
 

• Aberrant Secretions 

These proteins are released from tumors and other diseased tissues, presumably not as a 
result of a functional requirement of the organism. These include cancer markers, which 
may be normal, non-plasma-accessible proteins expressed, secreted, or released into plasma 
by tumor cells. 

 

• Foreign Proteins 

These are proteins of infectious organisms or parasites that are released into, or exposed to, 
the circulation.  
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9. MATERIALS AND METHODS 
 
9.1 ENM used in the present study 
 
9.1.1 CdS QDs 

CdS QDs were manufactured by IMEM-CNR (Parma), following the method described by 
Villani M. et al. (2012). Briefly, dimethylformamide (DMF) is used as solvent: 10 ml of thiourea 
solution (1E5 M) were mixed with 100 ml DMF and the solution was heated at 70°C; 10 ml of 
cadmium acetate (1E5 M) were then added to the solution and the temperature raised to 90°C. The 
reaction was stopped after 5 minutes, the solid phase was washed with water and collected by 
centrifugation.  

X-ray diffraction, TEM and physical property analysis (photoluminescence, photocatalytic 
activity, electrical properties, alternating gradient force and vibrating sample magnetometry) are 
used to characterize these ENMs (Villani  et al., 2012). The bulk density of CdS QDs was 4.82 g 
cm-3 and their mean diameter was 5 nm. The estimated mass of a single NP was 2,5E-18 g/mol. Cd 
represented 78% of the dry weight of each NP (Marmiroli et al., 2014). Zeta potential of CdS QDs 
(240 µg) in 20 mM Tris-HCl pH=7.4 was measured using ZetaPlus Zeta Potential Analyzer 
(Brookhaven Instrument). CdS QDs were sonicated for 16 min with a sonicator bath (Transsonic 
460, Elma) prior to incubation in cellular media. 

 
9.1.2 SiO2 NPs 

SiO2 NPs were provided by prof. Bussolati (Department of S.Bi.Bi.T, University of Parma) 
and has a diameter of 200 nm (NM200). According to the NANOGENOTOX dispersion protocol 
(http://www.nanogenotox.eu/), these NPs were pre-wetted using EtOH (0.5%), dispersed at a 
concentration of 2.56 g/L in sterile milliQ water containing 0.05% BSA and sonicated for 16 min 
with a sonicator bath (Transsonic 460, Elma) prior to incubation in cellular media.  
 
 
9.2 Cellular models and biological samples used in the present study 

 
9.2.1 Yeast strains and growth conditions 

S. cerevisiae BY4742 (MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) wild-type strain and a subset of 
haploid deletion strains (background BY4742) from the Yeast Knockout Collection (Thermo 
Scientific) were used in this study. 
S. cerevisiae TAP-tag strains (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) from the yeast TAP-tagged 
ORF library (Dharmacon, GE Healthcare) were also utilized for proteomic experiments. In this 
library, Open Reading Frames (ORFs) were tagged with a high-affinity epitope and expressed from 
their natural chromosomal locations. The tandem affinity purification (TAP) tag consists of a 
calmodulin binding peptide, a TEV cleavage site and two IgG binding domains of Staphylococcus 

aureus protein A.  
Cells are grown at 30°C on yeast extract-peptone (YP) or synthetic medium (S) supplemented with 
glucose (2% w/v) as carbon source.  
 
9.2.2 Human cell line: growth conditions and cell viability assay 

Caco-2 human colorectal adenocarcinoma cell line was provided by Prof. Bussolati 
(S.Bi.Bi.T, Parma). Human cells were grown in RPMI medium, supplemented with 20% fetal 
bovine serum (FBS), 1% L-glutamine and 1% penicillin/streptomycin (100 U/100 µg/mL), and 
cultured on 24-well plates in a 5% CO2 humidified atmosphere at 37°C.  
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Human cell viability was determined by the AlamarBlue® viability assay. In this assay, a non-
fluorescent, membrane permeant molecule (resazurin) is converted by mitochondrial enzymes in the 
fluorescent compound resorufin (λem = 572 nm). After 24h of incubation, cell viability was tested 
replacing medium with a solution of resazurin (44 µM) in serum-free medium. After 1 hour, 
fluorescence was measured (excitation 530-560 nm; emission 590 nm) with a multimode plate 
reader Enspire (Perkin Elmer Waltham, MA, USA).  
 
9.2.3 Human Plasma 

Human plasma was provided from Medical Center of Parma, was aliquoted and stored 
at −80°C. For NP-binding experiments, plasma was thawed and centrifuged for 2 min at 14000 rpm 
at 4 °C to remove protein precipitates. 
 

9.3 Proteomic analysis 

 
9.3.1 Protein extraction procedure 

Yeast cell pellets (1E8 cells) were washed in ice cold PBS and resuspended in cold extraction 
buffer (200 mM Tris-HCl pH=8.0, 150 mM ammonium sulfate, 10% glycerol), containing protease 
inhibitor cocktail (Sigma Aldrich). Acid-washed glass beads were added to the samples and yeast 
cells were mechanically lysed by FastPrep® Cell Disrupter (Savant), vortexing six times (four time 
for 45 s with other two steps for 10 s, interspersed with 5 min rests of the tube on ice to minimize 
sample heating). Cells lysates were transferred to a fresh tube and particulates were removed by 
centrifugation (30 min, 14000 rpm at 4 °C).  

Human monolayer cells to approximately 80% confluence (3E6 cells) were gently wash with 
ice cold PBS and resuspended in cold extraction buffer (200 mM Tris-HCl pH=8.0, 150 mM 
ammonium sulfate, 10% glycerol), with the addition of protease inhibitors. Using a cell scraper, 
human cells were detached from the 24-well plates and the lysate was transfer to a 1.5 ml microtube 
and incubated on ice for 15 minutes. The lysate was sonicates (Sonicator Ultrasonic Processor XL, 
Misonix) three times for five seconds each with at least one minute rest on ice between each five-
second pulse and incubated in ice an additional 15 minutes. The cell lysate was centrifugated (30 
min, 14000 rpm at 4°C) and the supernatant containing soluble proteins was collected.  

Protein concentration was determined using Bradford assay (BioRad). 
 

9.3.2 Proteomic analysis of ENM-protein interactions 

For the binding assay (Fig. 37), cell lysates (from yeast or human cell lines) or human plasma 
proteins were incubated with ENMs (CdS QDs or silica NPs) in the reaction buffer (200 mM Tris-
HCl pH=8.0, 150 mM ammonium sulfate, 10% glycerol). The proteins (7 g/L, final concentration) 
and the ENMs (0.5 g/L, final concentration) were incubated at 4°C for 24 h in gentle agitation 
(Sund J. et al., 2011), in a reaction volume of 142 µL. After incubation, ENMs and the adsorbed 
(corona) proteins were recovered by centrifugation (14000 rpm, 5 min, 4 °C) and unbound proteins 
were removed by washing the pellets five times with no-salt wash buffer A (20 mM Tris-HCl, 
pH=7.4) and three times with low-salt wash buffer B (0.1 M NaCl, 20 mM Tris-HCl, pH=7.4). 
After each wash, pellets were gently vortexed and centrifuged (14000 rpm, 5 min, 4 °C). Corona 
proteins were removed from ENMs by incubation for 60 min at 30°C in hot solubilization buffer 
(60 mM Tris-HCl pH=6.8, 2% SDS, 10% glycerol), heated at 100°C for five minutes.  

Aliquots of each wash and corona proteins were dissolved in SDS-sample buffer (62.5 mM 
Tris-HCl pH=6.8, 2.5 % SDS, 0.02 % Bromophenol Blue, 2% β-mercaptoethanol, 10% glycerol), 
denatured at 95°C for 5 min and analyzed in 12% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE).  
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9.3.3 Identification of corona proteins: in-solution protein digestion and LC-MS/MS analysis 

Corona proteins were denatured by adding 6 M urea in 25 mM ammonium bicarbonate 
solution. Disulfide bonds were reduced by adding DTT (35 mM, final concentration) for 1 hour at 
room temperature and reduced cysteine residues were alkylated by adding iodoacetamide (32 mM, 
final concentration) for 1 hour at room temperature, in the dark. After the urea concentration was 
lowered to 0.6 M by adding 25 mM ammonium bicarbonate, trypsin (Sigma Aldrich) was added in 
a 1:30 ratio (trypsin: proteins, w/w) and the digestion took place for 18 hours at 37°C. The samples 
were then acidified with formic acid (0.5%, final concentration) to stop the digestion, incubated 
with gentle agitation at 37°C for 15 min and lyophilizated (Speedvac, Savant). 

The dried samples were resuspended in 0.1% formic acid and analyzed with a Liquid 
chromatography (LC)–mass spectrometry system. Tryptic peptide analysis was performed with a 
Dionex Ultimate 3000 micro HPLC coupled with an LTQ-Orbitrap XL (Thermo Fisher) mass 
spectrometer equipped with a conventional electrospray ionization (ESI) source. LC-MS/MS 
analyses were performed by Dr. Faccini (CIM, University of Parma; Bencivenni M. et al., 2014). 
The UniProt database (www.uniprot.org) was employed to retrieve information on all the known 
protein sequences from S. cerevisiae and H. sapiens. 

 

 
Fig. 37 Schematic representation of the strategy to identify ENM-adsorbed proteins. Incubation of ENM 

with protein solutions results in adsorption of corona proteins onto the ENM surface. Wash-centrifugation 

steps are important for the isolation of “hard protein corona”and removal of unbound proteins. The 

adsorbed proteins can thus be visualized using one dimensional gel electrophoresis (SDS-PAGE). Corona 

proteins can further be subjected to in-solution tryptic digestion and subsequently identified using LC-

mass spectrometry. 
 
 

9.4 Real-time PCR analysis 

S. cerevisiae cells were treated with and without CdS QDs (250 mg/L) in YPD media at 30°C 
for 2 hours. Cells (2E6 cells) were collected by centrifugation and total RNA (2 µg) was extracted 
using the RNeasy® kit (Qiagen) following the manufacturer’s instructions. cDNAs were 
synthesized using the QuantiTect Reverse Transcription kit (Qiagen) as described by the 
manufacturer. The primers used in Real-time PCR were designed using Primer Express® software 
(Applied Biosystems) and were reported in Table 2. Real-time PCR was performed with a ABI 



 
 

67 

PRISM 7000 Sequence Detection System (Applied Biosystems) according to the manufacturer’s 
instructions. Briefly, reaction mixtures (25 µl final volume) were assembled with the following 
components: 2.5 µl of 10-fold serial dilutions of cDNAs, optimized amounts of each primer set 
(Table 2), 2X Power SYBR® Green RT-PCR Mix (Applied Biosystems). The housekeeping ACT1 
mRNA served as an independent internal standard. All primer pairs produced only one 
amplification band (ranging from 67 to 114 bp) when tested by conventional reverse transcription-
PCR. The specificity of individual real-time PCR products was assessed by melting curve analysis 
carried out immediately after Real-time PCR completion. Melting curves for individual PCR 
products displayed a single peak. Melting temperatures (Tm) were determined with the Dissociation 
Curve software (Applied Biosystems). All sets of reactions were conducted in triplicate, and each 
included a nontemplate control (NTC). The threshold cycle (CT) was used to calculate relative gene 
expression levels using the “Comparative CT (2-∆∆CT) Method”. 

 

Table 2. Primers used in Real-time PCR analysis. 
 

Gene 

name 
Amplicon 

length 
Primer sequence (5’-3’) Primer concentration (final) 

CDC19 104 bp 
FW: ATCTTCACCACCGATGACAAGT 
RE: TAGATGATTCTACCAGCGGAGA 50 nM 

PDC1 114 bp 
FW: ATGCTGAATCCGAAAAGGAAGTC 
RE: TCAGCCTTGACGTCGTGTCTG 250 nM 

TDH3 107 bp FW: TCATGAGAATTGCTTTGTCTAGAC 
RE: TAAGTAGCAATCTTCTTACCATCG 250 nM 

EFT2 111 bp FW: ATGCTAAGAAATTCGGTGTCGAC 
RE: CTTCAGCATCAGTGTCCTTGTTG 75 nM 

YEF3 99 bp FW: ATGCCAGAATTGATTCCAGTC 
RE: AGTTTCGGTAGCCTTGGTCATG 40 nM 

TEF1 106 bp FW: ATGGTCAAACCAGAGAACACGC 
RE: AATCTGGATTCGTCCCATTTGAC 200 nM 

SSB2 114 bp FW: ATGTTTCCTTGTTGCACATTGCTG 
RE: CAGCCTTGAAGTGTTCCAACAAG 100 nM 

ACT1 67 bp FW: GAGGTTGCTGCTTTGGTTATTGA 
RE: CGTCGTCACCGGCAAAA  50 nM   

 

 

 
9.5 Western Blot analysis 

Yeast TAP-tag strains (Yef3-TAP-tag, Eft2-TAP-tag, SSb2-TAP-tag, Tdh2-TAP-tag, Tdh3-
TAP-tag, Pdc1-TAP-tag) were treated with and without CdS QD (250 mg/L) in YPD media at 30°C 
for 6 hours. After incubation time, the cells were collected and cell lysis was conducted using the 
extraction method described previously (see before). Protein concentration was determined using 
Bradford assay (BioRad).  

Total protein extracts (10 µg/sample) were then separated on a 12% SDS-PAGE gel and 
transferred to a nitrocellulose membrane (Thermo Fisher Scientific). Membranes were blocked for 2 
hours at room temperature in Tris-Buffered Saline (TBS) containing 0.1% Tween20 and 5% skim 
milk (TTS buffer) with gentle agitation. Rabbit anti-TAP-tag polyclonal antibody (CAB1001, Open 
Biosystems) was used for detection of TAP-tagged proteins. Mouse anti-phosphoglycerate kinase 1 
(Pgk1; Abcam) monoclonal antibody served as loading control. Membranes were incubated with 
the primary antibodies in TTS buffer over-night a 4°C with gentle agitation. Goat anti-rabbit and 
anti-mouse (680 RD; LI-COR) antibodies were used as secondary antibodies and visualization was 
carried out with the Odyssey® Imaging System (LI-COR).  
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9.6 Spot assay 

S. cerevisiae wild type (BY4742) and a subset of haploid mutant strains were grown at 30°C 
in YPD medium. After 24 hours, the OD600 of individual cultures was determined with a UV-
Visible spectrophotometer (Cary 50, Varian), adjusted with sterile water to an OD600 value of 1.0 
and serially diluted in tenfold increments. Aliquots (4 µl) of each dilution were spotted onto SD-
agar plates in the presence or absence of CdS QDs (0-250 mg/L) or SiO2 NPs (0-5 g/L). Yeast 
growth was examined after incubation at 30°C for 2 days. 
 

9.7 GAPDH enzymatic activity assay  

Glyceraldehyde 3 phosphate dehydrogenase (GAPDH) Activity Assay Kit (Abcam) was used 
following the manufacturer’s instructions. Briefly, GAPDH catalyzes the conversion of 
Glyceraldehyde-3-Phosphate (GAP) into 1,3-Bisphosphate Glycerate (BPG) and an intermediate, 
which reacts with a developer to form a colored product that absorbs maximally at 450 nm.  
Yeast protein extract (1 µg) and CdS QDs (0-20 µg/mL) were added to kit reagents and the assay 
was run for 60 min at 37°C. Finally, the absorbance at 450 nm was measured with a Microplate 
Reader (BioRad) (Fig. 38).  
 
 

 
Fig. 38 Schematic procedure of the GAPDH Activity Assay Kit (Colorimetric).  

 

 

 

9.8 Computational analysis of corona protein sequences 

We have downloaded 5,783 S. cerevisiae protein sequences from the Saccharomyces Genome 
Database (http://www.yeastgenome.org/) and calculated amino acid residue frequencies. The 
proteome-average amino acid frequency for all proteins was determined. Protein-specific amino 
acid frequencies for each S. cerevisiae protein was analyzed to compute a protein-specific amino 
acid Z-score [(protein-specific amino acid frequency - average amino acid frequency)/standard 
deviation for 5,783 proteins]. Z-score measures whether an amino acid is over- or under-represented 
in a protein sequence relative to the average proteome value. Corresponding P-values were 
determined for all over-represented or under-represented amino acids using a one-tailed test and 
normal approximation. 
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9.9 Statistical analysis  

Statistical analysis was performed using GraphPad Prism software (version 6). Each experiment 
was performed 3 to 5 times and results are expressed as mean ± SD. Statistical significance of 
differences between average values was determined by ANOVA, the order of significance was 
determined using the Bonferroni's multiple comparisons test and P-value ≤ 0.05 was considered 
significant.  
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10. RESULTS AND DISCUSSION: CdS QDs 

 
10.1 Proteomic analysis of CdS QD-protein interactions in S. cerevisiae.  

Nanotoxicity of CdS QDs has been studied in S. cerevisiae (Marmiroli et al., 2016), but the 
mechanisms that affect the toxicity of these NPs are not yet completely understood. The aim of this 
work is to investigate the formation of protein corona on the CdS QD surface to study the 
implications of yeast protein adsorption on the bioactivity of these NPs.  

CdS QDs are inorganic fluorescent nanoscale crystals (Fig. 42a) with enhanced optical 
properties in terms of brightness, photostability, blinking and bleaching compared to conventional 
organic and protein fluorophores. Synthesis and characterization of water-soluble CdS QDs are 
performed by Dr. Zappettini and colleagues (IMEM-CNR, Parma; Villani et al., 2012; Marmiroli et 

al., 2014). Briefly, TEM and X-ray diffractometry analysis showed that CdS QDs exhibited 
hexagonal or cubic shape and an average size of 5 nm.  
 
10.1.1 CdS QD-protein interaction assay 

To identify yeast proteins which were adsorbed on the NP surface, CdS QDs and protein 
extracts were incubated with gentle agitation in a medium that replicate the features of the in 

vivo biological milieu. After incubation, the NPs and corona proteins were recovered by 
centrifugation and washed to remove nonbound proteins. After three centrifugation steps followed 
by resuspension in wash buffer, the adsorbed proteins were eluted from the NP surface and 
analyzed with SDS-polyacrylamide gel electrophoresis to estimate molecular masses and relative 
abundance of polypeptides (Fig. 42; see “Materials and Methods” for additional details).  

There are many factors influencing the composition of the protein corona: related to the NPs 
(chemical composition, size, shape, surface charge), the biological samples (e.g., amount of 
proteins) and the experimental conditions (temperature, incubation time).  

To determine the optimal conditions for the binding assay, adsorption of yeast proteins to 
the surface of CdS QDs was analyzed in the presence of different amount of yeast protein extracts 
(0.1-1 mg), different times of exposure (1-24 hours) and temperature (4°C-37°C) incubation. For 
each condition tested, CdS QD-corona proteins were analyzed with SDS-polyacrylamide gel 
electrophoresis.  

Based on a visual evaluation of the SDS-PAGE gels, the total amounts of adsorbed proteins 
were strongly increased with the increase of the protein extract concentration (Fig. 39b) and the 
time of exposure (Fig. 39c). Importantly, not statistically significant, qualitative differences were 
detected in the protein profiles analyzed in these conditions (Fig. 39b and c).  

NP-protein binding assays performed for 1 hour at 4°C or 37°C do not show qualitative and 
quantitative differences in the observed electrophoretic profiles (Fig. 39d). 

Thus, to maximize the amount of adsorbed proteins, we proceeded to carry out the following 
experiments in these conditions: yeast extracts (1 mg, total protein extract) were incubated for 24 
hours in the presence of NPs and, to minimize protein degradation, binding assays were run at 4°C. 
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Fig. 39 Yeast proteins adsorbed onto CdS QD surface. a) CdS QDs used in the present study. These NPs are 

synthetized by Dr. Zappettini (IMEM-CNR, Parma). CdS QDs exhibited hexagonal or cubic shape and 

showed strong fluorescence at emission wavelengths of 370-390 nm.  

b-d) Different amounts of yeast proteins were adsorbed to CdS QDs; increasing yeast protein extract 

concentration [0.1 mg (2), 0.3 mg (3), 0.6 mg (4), 1 mg (5)] corresponded to a greater adsorption on the 

NPs. Increased amounts of corona proteins were observed at higher time of exposure [24h (6) or 1h (7)] to 

CdS QDs. NP-protein binding assays performed at 4°C (8) and 37°C (9) do not show qualitative and 

quantitative differences (d). In all these experiments (b-d), only three washes with wash buffer A (see 

“Materials and Methods”, section 9.3.2, for additional details) of the NP-protein pellet were conducted. 

1) Protein molecular marker; the molecular weights (in kDa) of the standard marker on the left lane were 

reported for reference.  

 

 
 
10.1.2 Identification of yeast proteins with high affinity for CdS QDs 

The process of corona formation is determined by the competition of countless proteins to 
adsorb at the approaching NP surface. Protein coronas are categorized as either “soft” or “hard” 
(Walczyk et al., 2010; Milani et al., 2012). The soft corona represents loosely bound proteins on a 
NP surface over short time scales (i.e., seconds to minutes) or weak interactions compared with the 
hard corona. In contrast, the hard corona represents tightly bound proteins with high affinity on the 
NP surface and for longer periods (i.e., hours).  

To identify yeast proteins that form the NP corona, we have used a proteomics-based 
approach coupled with MS analysis. CdS QDs and protein extracts were incubated with gentle 
agitation for 24 hours at 4°C and proteins bound to the NPs were recovered by multiple 
centrifugation steps and extensively washed to remove almost all nonbound and soft corona 
proteins. We used different ionic strengths to separate the proteins from the NPs (see “Materials 

and Methods” for additional details): no-salt solution to separate the loosely bound proteins and 
low-salt solution to investigate the hard corona.  
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Finally, hard corona proteins were eluted from the NP surface, visualized by gel 
electrophoresis and quantitatively analyzed (after tryptic digestion) using liquid chromatography–
high-resolution mass spectrometry. Sample preparation for MS analysis involves protein 
denaturation, reduction and alkylation of cysteines, digestion of the sample into peptides, sample 
concentration and analysis by ESI-based MS strategies (LC-MS/MS) using LTQ-ORBITRAP XL 
mass spectrometer. The experiments were carried out in five independent replicates. 

In yeast, the hard corona of the CdS QDs was composed of many different proteins with 
molecular weights between 30 and 100 kDa (Fig. 40 and Table 3). The proteins that contribute 
predominantly to the formation of this protein corona were involved in translation processes, in 
energy metabolism and belong to the superfamily of molecular chaperones (Table 4).  
 

 
Fig. 40 Proteomic analysis of the yeast proteins adsorbed on the surface of CdS QDs with high affinity. 

Aliquots of the wash solutions (Y1-Y8; 30% of the total sample) and yeast-derived hard corona proteins 

(YQD; 15% of the total sample) were visualized by 12% SDS-PAGE. Hard protein corona was composed of 

many different proteins with molecular weights between 30 and 100 kDa.  

Y1-Y5) Washes (first, second and fifth) of the CdS QD-protein pellet with no-salt wash buffer; Y6-Y8) 

Washes (sixth and eighth) of the CdS QD-protein pellet with low-salt wash buffer (see “Materials and 

Methods” for additional details). 
 
 

Table 3. Yeast-derived hard corona proteins identified by LC-MS/MS analysis  

(LTQ-ORBITRAP XL). 
 

Identified proteins Coverage (%)
1
 Score

2
 Isoelectric point (pI) 

Tdh2 74.7 186.8 6.46 
Tdh3 83.7 181.6 6.46 
Pdc1 71.2 308.7 5.8 

Cdc19 46.8 85.9 7.56 
Ssb2 48.6 73.9 5.37 
Tef1 75.8 285.9 9.14 
Eft2 36.27 72.15 5.92 
Yef3 56.9 313.7 5.73 

 

1The coverage (%) was calculated by dividing the number of amino acids in all found peptides by the total 
number of amino acids in the entire protein sequence. 
2The score was based on the probability (P) that the observed match between the experimental data and the 
database sequence was not a random event.  
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Table 4. Characteristics of hard corona proteins adsorbed to CdS QDs. 
 

Identified 

proteins 
Description (UniProt Accession N.) 

Mol. weight 

(kDa) 

Biological 

process 

Tdh2 
Glyceraldehyde-3-phosphate dehydrogenase 

(P00358) 
36 

Tdh3 
Glyceraldehyde-3-phosphate dehydrogenase 

(P00359) 
36 

Cdc19 Pyruvate kinase (P00549) 54 

Pdc1 Pyruvate decarboxylase isozyme 1 (P06169) 61 

Energy 
metabolism 

 

Ssb2 
Ribosome-associated molecular chaperone 

(P40150) 
66 

Molecular 
chaperone 

Tef1 Translation Elongation Factor I (P02994) 50 

Eft2 Elongation Factor II (P32324) 93 

Yef3 Translation Elongation Factor III (P16521) 116 

Translation 
process 

 

 
Several proteins isolated in CdS QD-protein corona were involved in energy metabolism 

(Table 4): glyceraldehyde-3-phosphate dehydrogenase (two isoforms, Tdh2 and Tdh3), pyruvate 
decarboxylase (Pdc1) and pyruvate kinase (Cdc19).  
GAPDH is a cytosolic glycolytic enzyme that catalyzes the conversion of glyceraldehyde-3-
phosphate to 1,3 bis-phosphoglycerate, but also displays activities that are unrelated to glycolysis in 
different subcellular locations (Sirover, 2005; Shen et al., 2014). S. cerevisiae contain three related, 
but not identical, GAPDH isoforms (Tdh1, Tdh2, Tdh3) with different specific activities (McAlister 

et al., 1985a). None of the TDH genes are individually essential for cell viability, but a functional 
copy of either TDH2 or TDH3 is required since tdh2∆tdh3∆ cells are not viable (McAlister et al., 

1985b). GAPDH isoforms were detected in cytoplasm, nucleus (Tdh2 and Tdh3) and cell wall 
(Delgado et al., 2001).  
Pdc1 is the major of three pyruvate decarboxylase isozymes and is involved in the nonoxidative 
conversion of pyruvate to acetaldehyde and carbon dioxide during alcoholic fermentation. 
Furthermore, it is involved in amino acid catabolism and activated by phosphorylation in response 
to glucose levels (Kellermann et al., 1986; Foyn et al., 2013). 

Cdc19 is a homotetramer involved in glycolysis to convert phosphoenolpyruvate to pyruvate 
and is regulated via allosteric activation by fructose bisphosphate. 
 

Hard corona proteins were also involved in translation process (Table 4): translation 
elongation factor I (Tef1), elongation factor II (Eft2) and translation elongation factor III (Yef3).  
Tef1 is a elongation factor that binds to and delivers aminoacylated tRNA to the A-site of 
ribosomes during protein biosynthesis; Tef1 may also have a role in export of aminoacyl-tRNAs 
from the nucleus and in translational quality control by targeting cotranslationally damaged proteins 
to the proteasome. Also, Tef1 exhibits actin filament-binding and filament-bundling activities and is 
involved in cytoskeleton organization (Bodman et al., 2015).  
Eft2 is an essential protein that catalyzes the translocation of the ribosome along messenger RNA 
during protein synthesis and is highly conserved in all eukaryotes. Eft2 has been highly conserved 
throughout evolution: the S. cerevisiae protein sharing 66% identity and 85% homology to human 
ortholog.  



 
 

75 

Yef3 is a elongation factor required for the ATP-dependent release of deacylated tRNA from 
the ribosomal E-site during protein biosynthesis.  
 

Ssb2 is a ribosome-associated molecular chaperone, member of the HSP70 family. Ssb2 is 
involved in the folding of newly-synthesized polypeptide chains and prevents from interfering with 
translation by clogging the ribosome channel.  
 
Interestingly, Tef1, Tdh2/3, Eft2, Cdc19 and Ssb2 are highly conserved proteins and have human 
orthologs (Ensembl database; http://www.ensembl.org/index.html).  
 
 
10.1.3 Physico-chemical characterization of the hard corona proteins isolated on the surface of the 

CdS QDs 

We have demonstrated that the CdS QDs are able to adsorb several proteins from yeast cell 
lysates with high affinity. Recently, Zhang et al. (2011) showed that the protein-binding patterns 
onto the NPs were closely related to the NP surface properties, size as well as physical properties of 
corona proteins. To further characterize the nature of protein binding to CdS QDs and identify 
potential regions that influence the interaction between NPs and proteins, amino acid composition, 
isoelectric point (pI) values and structural features of the NP-bound proteins were compared. 
Analysis of the amino acid composition (Table 5) showed an enrichment of non-polar amino acids 
with small lateral residues (Ala, Gly, Val) and a lower frequency of aromatic amino acids 
(especially, Tyr and Phe) in the CdS QD-corona protein sequences respect to the average amino 
acid frequencies of the yeast proteome (Table 5 and “Material and Methods”). Proteins with this 
amino acid composition are generally characterized by a high structural flexibility that may mediate 
the protein interaction with CdS QDs. Notably, Gly residues was often found at the surface of these 
corona proteins within loop- or coil (without secondary structure) regions, providing high flexibility 
to the polypeptide chain at these locations.  

In addition, electrostatic interactions are also responsible for mediating molecular recognition 
among NPs and corona proteins (Mu et al., 2014). The measured zeta potential of CdS QDs in 
aquaeus solution was –14 ± 1.03 mV, indicating that these NPs are anionic, but have a tendency 
toward agglomeration and sedimentation, as previously identified (Marmiroli et al., 2016). 
Curiously, except for Cdc19 and Tef1, the majority of the isolated corona proteins presents a pI 
below 6.5 (Table 3), suggesting that these CdS QD-binding proteins would have a net negative 
charge at physiological pH. It is possible that anionic CdS QDs may interact with positively charged 
regions in cavity on the surface of these corona proteins (Fig. 41), previously described as the 
cationic “hot spots” (Xiao et al., 2008). For istance, the binding between functionalized QDs and 
human serum albumin occurs near a protein pocket centered at Lys199 residue (Xiao et al., 2008). 
Shen et al. (2007) showed that hemoglobin have a relatively high affinity for CdS QDs through the 
electrostatic interactions as well as the chemical bonds with sulfur atoms of cysteine residues. Ishii 
et al. (2003) showed that CdS QDs were trapped in the cylindrical cavity of chaperonin proteins 
(GroEL, Escherichia coli and Thermus thermophiles) and become thermally stable and tolerant to 
electrolytes (Fig. 41a).  

Identified corona proteins are homodimers or homotetramers with ring-shaped architecture 
(Fig. 41b and c) and, similarly to GroEL-QD binding, these protein rings could capture CdS QDs; 
notably, ring cavities are rich in basic amino acids (lysine, arginine and histine; Fig. 41c). 
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Table 5. Amino acid frequencies in the corona protein sequences. 
 

 Corona proteins
2 
 

  

Yeast 

proteome 

(mean)
1
 Cdc19 Eft2 Pdc1 Tdh2 Tdh3 Yef3 Tef1 Ssb2 

Hydrophobic amino acids 

Ala 5.7 8.6 (*) 8.1 (*) 9.6 (*) 9.9 (*) 9.6 (*) 8.7 (*) 8.1 (*) 10.0 (*) 
Gly 5.2 6.8 (*) 7.0 (*) 7.5 (*) 7.5 (*) 7.8 (*) 6.0 (*) 9.2 (*) 6.9 (*) 
Val 5.8 9.6 (*) 9.6 (*) 7.1 (*) 10.8 (*) 11.1 (*) 6.8 (*) 10.0 (*) 8.5 (*) 
Pro 4.3 5.0 (*) 4.8 4.6 3.3 (#) 3.6 (#) 4.1 5.0 (*) 3.3 (#) 
Ile 6.5 7.4 5.9 6.6 6.0 5.7 7.5 6.6 5.9 

Leu 9.6 7.0 (#) 8.2 (#) 9.6 6.3 (#) 6.3 (#) 8.3 (#) 5.2 (#) 8.3 (#) 
Phe 4.7 3.0 (#) 4.2 4.1 3.3 (#) 3.0 (#) 3.4 (#) 3.7 (#) 4.2 
Trp 1.1 0.2 1.0 1.2 0.9 (#) 0.9 (#) 1.1 1.3 0.2 (#) 
Tyr 3.4 3.0 2.4 (#) 3.0 3.0 3.3 1.9 (#) 1.7 (#) 1.5 (#) 

Acidic amino acids (negatively charged) 

Asp 5.5 6.4 (*) 6.9 (*) 5.2 7.2 (*) 7.2 (*) 5.6 5.2 6.2 
Glu 6.3 5.6 (#) 6.5 5.3 4.5 4.5 8.8 (*) 6.8 8.0 (*) 

Basic aminoacids (positively charged) 

Arg 4.7 4.8 4.9 2.7 (#) 3.3 (#) 3.3 (#) 4.3 3.9 (#) 4.7 
His 2.2 1.4 (#) 1.9 2.1 2.4 2.4 2.3 2.4 0.8 (#) 
Lys 7.4 7.4 7.2 6.2 7.8 7.8 8.0 10.7 (*) 7.7 

Polar amino acids with uncharged groups 

Cys 1.5 1.4 1.0 (#) 0.7 (#) 0.6 (#) 0.6 (#) 1.4 1.5 0.3 (#) 
Ser 8.7 5.4 (#) 5.2 (#) 5.3 (#) 7.5 (#) 7.8 5.7 (#) 4.6 (#) 7.2 (#) 
Thr 5.8 7.6 (*) 5.7 7.8 (*) 6.9 (*) 7.2 (*) 6.0 6.1 7.3 (*) 
Asn 5.7 5.2 3.1 (#) 5.2 4.2 3.9 (#) 4.7 (#) 3.5 (#) 3.6 (#) 
Gln 3.9 2.0 (#) 3.8 3.9 1.8 (#) 1.5 (#) 2.8 (#) 2.6 (#) 4.1 
Met 2.2 2.2 2.7 (*) 2.3 2.4 2.1 2.4 1.7 (#) 1.5 (#) 

 

1
The average frequency of each amino acid residue in the yeast proteome (http://www.yeastgenome.org/). 

2
The amino acid residue frequencies in the corona protein sequences. Increased (*) or decreased (#) 

abundance of a given amino acid in the corona protein sequence relative to proteomic frequency (average) 

was indicated (see “Material and Methods” for details). 
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Fig. 41 3-D structure of the CdS QD-binding proteins. a) Schematic representation of the formation of 

GroEL–CdS QD complexes by inclusion of NPs into the cylindrical cavity of GroEL (image adapted by Ishii 

et al., 2003). b) 3-D structure of Yef3 in homodimeric (up) e monomeric (down) forms. The lysine, arginine 

and histidine residues are shown in green, red and yellow, respectively (image was generated with RasMol 

software). c) Schematic representation of the CdS QD-yeast protein complexes. 
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The adsorption of proteins on the surface of NPs was governed by protein–NP binding 
affinities as well as protein–protein interactions. Indeed, the CdS QD-corona can be composed by 
only a single layer of adsorbed proteins or multiple layers generated by protein–protein interactions. 
We observed the existence of well known and documented physical interactions between the 
proteins identified in the corona on the surface of CdS QDs (Biogrid database, 
https://thebiogrid.org/; Fig. 42a) and the presence of a highly connected node or “hub” (Ssb2), in 
this small protein–protein interaction network (Rual et al., 2005; Stelzl et al., 2005). This could be 
expected because Ssb2 belongs to the superfamily of the molecular chaperones, a group of highly 
interactive proteins that modulate the folding and unfolding of other proteins, or the assembly and 
disassembly of protein–protein complexes. 

AFM analysis of the yeast protein corona (Fig. 42b) showed a lot of small round structures 
with a central core of ca. 5 nm in height and width, and the absence of aggregates or large clusters 
of QDs. Protein binding seems to reduce the CdS QD agglomeration (Fig. 42b) and these circular 
structures could be CdS QDs encapsulated in yeast protein rings (Fig. 41c). Notably, interaction 
with BSA significantly enhanced stability of functionalized CdTe QDs in aqueous solution and 
prevented NPs from aggregating (Poderys et al., 2011). As the yeast proteins identified in the hard 
corona of CdS QDs presented a hydrodynamic diameter of about 3–7 nm, it is possible to 
hypothesize a competitive adsorption of these proteins rather than the formation of multiple layers 
of proteins on the surface of CdS QDs.  

 

 
Fig. 42 Structural analysis of the yeast protein corona. a) Genetic (green) and physical (orange) 

interactions between hard corona proteins. Biological network was built with the online tool esyN 

(http://www.esyn.org). 

b) AFM analysis of CdS QD-protein corona dispersed on mica in Phosphate-buffered saline (PBS). Images 

were collected on the dried sample with a Nanoscope IIIa AFM (Digital Instruments) operating in tapping 

mode. Commercial silicon cantilevers for noncontact AFM (MikroMasch, Tallin, Estonia) were used. Round 

structures observed in AFM image could be CdS QDs coated with yeast proteins. 
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10.1.4 Western blot analysis to confirm the presence of corona proteins on the surface of CdS QDs 

To confirm the presence of the hard corona proteins on the surface of CdS QDs, we used a 
targeted approach based on the use of S. cerevisiae TAP-tagged ORF library (Dharmacon, GE 
Healthcare). As proof of concept, we used two strains (Tdh2-TAP-tag and Pdc1-TAP-tag) in which 
two proteins isolated in the corona are TAP-tagged (see “Materials and Methods” for details).  

Using the standardized protocol developed for NP-binding assay (see Section 10.1.3), CdS 
QDs were incubated with protein extracts obtained from Pdc1-TAP-tag and Tdh2-TAP-tag strains. 
After incubation, the NPs and corona proteins were recovered by centrifugation and washed to 
remove nonbound proteins. The adsorbed proteins (which should contain the corona TAP-tagged 
proteins) were eluted from the NP surface and analyzed with Western blot analysis (Fig. 43; see 

“Materials and Methods” for additional details). Anti-Pgk1 monoclonal antibody served as 
negative control.  
 

The results clearly showed the presence of these proteins in the adsorbed fractions from both 
NP-coronas (Fig. 43). No immunodetection was observed in total protein extracts obtained from 
wild-type strain (BY4742) using anti-TAP-tag antibody.  

Protein levels of Pgk1, an abundant protein, not present in CdS QD corona, was detected 
only in yeast extracts obtained from BY4742, using an anti-Pgk1 antibody. 
 
 
 
 

 
Fig. 43 Western Blot analysis. Tdh2 and Pdc1 levels were detected in the protein corona isolated by TAP-

tagged strains (lane 1, Tdh2-TAP-tag; lane 4, Pdc1-TAP-tag) using an anti-TAP antibody; no 

immunodetection was observed in total protein extracts obtained from the wild-type (BY4742; lanes 2 and 3) 

strain. Pgk1 levels were only detected in total protein extracts from the wild-type strain using an anti-Pgk1 

antibody.  
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10.1.5 CdS QDs affect the expression of genes coding for corona proteins 

We evaluated the effect of CdS QD treatment on expression of the genes coding for corona 
proteins. S. cerevisiae wild-type (BY4742) cells were traited for 2 hours with or without CdS QDs 
(250 mg/L), total RNA was extracted from these samples and cDNAs were synthesized (see 

“Materials and Methods” for details). Real-time PCR analysis was performed on cDNA prepared 
from treated and untreated samples, using ACT1 as housekeeping gene. 
Gene expression analysis showed that all genes analyzed were up-regulated by CdS QD treatment 
(Fig. 44). Transcriptional up-regulation of these genes could represent a cellular mechanism in 
response to “physical sequestration” of the corona proteins adsorbed onto CdS QD surface. In fact, 
the cellular levels of these proteins can be reduced by the absorption to the NPs and an increase of 
the transcriptional levels of the genes coding for these proteins could be important for cell survival. 
Notably, CDC19, the most up-regulated gene (Fig. 44), codes for an essential protein (pyruvate 
kinase) involved in glycolytic process. 

 
A strong up-regolation of SSB2, a molecular chaperone of the Hsp70 family, could be 

necessary to maintain a correct folding of newly-translated proteins and prevent 
aggregation/misfolding (Gupta et al., 2010). Notably, Hsps have been shown to be induced by 
several stress conditions, including exposure to heavy metals (Guven and de Pomerai, 1995; 

Mutwakil et al., 1997).  
 
 

 
 
Fig. 44 Up-regulation of the genes coding for corona proteins in response to CdS QD treatment. Gene 

expression levels were normalized to ACT1 gene expression. Histograms in the graph represent mean and 

SD values of two independent reactions performed in triplicate.  
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10.1.6 CdS QDs reduce the cellular levels of the corona proteins in S. cerevisiae 

We also analyzed the effect of CdS QD treatment on the modulation of the abundance of the 
proteins identified in NP corona. Yeast TAP-tag strains (Yef3-, Eft2-, Ssb2-, Tdh2-, Tdh3- and 
Pdc1-TAP-tag) and wild-type (BY4742) cells were grown for 6 h with or without CdS QD 
treatment. Total protein extracts were prepared and then subjected to Western blot analysis (see 

“Materials and Methods” for details). The protein levels of Cdc19 and Tef1 were not analyzed in 
this work because their TAP-tagged strains are not present in our yeast collection. 
Our results demonstrated that CdS QDs strongly reduced the abundance of the corona proteins, with 
the exception of Pdc1, whose protein levels are low and not affected by the NP treatment in the 
tested conditions (Fig. 45). 

 
It’s possible that the “physical sequestration” caused by CdS QD-protein corona formation 

could lead to a reduction in cellular levels of the proteins involved. In addition, different proteins 
associated with the NP corona are translation elongation factors (Eft2, Tef1 and Yef3) and it is 
possible that the adsorption of these proteins on the surface of the QDs may lead to their functional 
inactivation which might cause a reduction of the translational levels of other proteins, including 
Ssb2, Tdh2 and Tdh3. Notably, silica NPs can inhibit protein synthesis in vitro (Klein et al., 2016). 
 
 
 
 

Fig. 45 Western Blot analysis shows a reduction of the corona protein levels under NP treatment. TAP-tagged proteins 

(Yef3, Eft2, Ssb2, Tdh2, Tdh3 and Pdc1) were detected using an anti-TAP antibody. Pgk1 protein levels were detected 

using an anti-Pgk1 antibody and served as loading control. Total protein extract from the wild-type cells (no TAP) was 

used as negative control for anti-TAP immunoreactivity. 
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10.1.7 Mutations in genes coding for corona proteins affect cell viability 

We then evaluated the fitness of yeast strains deleted in genes coding for corona proteins 
(TDH2, TDH3, PDC1 and EFT2) exposed to CdS QDs (Fig. 46). Strain deleted in CDC19, YEF3, 
SSB2 and TEF1 genes were not present in our yeast haploid deletion mutant collection and were not 
tested. 

Serial dilution assay of wild-type (BY4742) cells and haploid mutant strains (tdh2∆, tdh3∆, 
pdc1∆, eft2∆) were performed on standard synthetic media supplemented with glucose (2%) as 
carbon source (SD) in the absence or in the presence of CdS QDs (20-250 mg/L; see “Materials 

and Methods” for details).  
Mutant strains deleted in genes coding for corona proteins showed a tolerant phenotype also 

in presence of high concentrations of CdS QDs (250 mg/L) that suppress the viability of the wild-
type strain. Tolerant phenotype of these mutant strains suggest that the formation of protein corona 
may mediate the cytotoxicity of CdS QDs in yeast.  

It is known that the adsorption of proteins on the NP surface can induce protein inactivation 
and denaturation by decreasing their thermal stability and favoring conformational changes of the 
adsorbed proteins (Corbo et al., 2016). CdS QDs could induce the exposure of protein epitopes on 
their surface in an aberrant conformation or the formation of the protein corona could promote the 
binding of NPs with other cellular components, causing an increased toxicity. 
 
 
 

 
Fig. 46 Phenotypic analysis of haploid mutants deleted in genes coding for corona proteins. Serial dilution 

assay (spot assays) of wild-type (WT) cells and haploid mutant strains (tdh2∆, tdh3∆, pdc1∆, eft2∆) grown in 

the absence (left) or in the presence of CdS QDs (20-250 mg/L), on standard synthetic media supplemented 

with glucose (2%) as carbon source (SD).  
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10.1.8 Inhibition of GAPDH activity by CdS QDs 

Several studies showed that proteins adsorbed onto NP surface may result in unfolding, with 
consequent loss of functionality (Gheshlaghi et al., 2008; Wangoo et al., 2008a; Nel et al., 2009; 
Deng et al., 2011; Yoo et al., 2011). For instance, NPs can induce conformational changes in 
fibrinogen (Deng et al., 2011), tubulin (Gheshlaghi et al., 2008), serum albumin (Wangoo et al., 

2008a), RNase A (Lee and Belfort, 1989), hemoglobin (Shen et al. 2007) and inhibit the fibrillation 
process of the amyloid peptide (Yoo et al., 2011). In addition, certain NPs induced conformational 
changes in proteins, but this effect is isozyme-dependent (Lundqvist et al., 2005). The cytotoxic 
mechanism underlying this phenomenon was the potential increased immunogenicity that the NPs 
can exert by exposing protein epitopes on their surface in an aberrant conformation (Nel et al., 

2009).  
The adsorption of proteins to QD surface leads to the changes in the protein conformation 

and/or changes in the surface of these NPs (Shen X. et al., 2007; Manokaran et al., 2010). For 
instance, the interaction of CdS QDs with human hemoglobin (Hb) results in a significant alteration 
of its secondary and tertiary structures that leads to quenching of the intrinsic fluorescence of this 
protein. Raman spectra indicated that the sulfur atoms of the Cys residues form chemical bonds on 
the surface of the CdS QDs (Shen X. et al., 2007).  
 

We performed an in vitro enzymatic activity assay (see “Materials and Methods” for details) 
to evaluate if the protein adsorption on CdS QD surface could reduce the activity of the GAPDH, a 
yeast corona protein. We observed a dose-dependent inhibition of the activity of yeast GAPDH by 
CdS QDs (Fig. 47). In particular, a strong reduction of the enzyme activity was observed at 
concentrations of NPs (20 mg/L; Fig. 50) that reduced the viability of wild-type cells (Fig. 46). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 47 Inhibition of GAPDH activity by CdS QDs. Data are reported as means ± SD (*, P-value ≤ 0.05; 

****, P ≤ 0.0001).  
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GAPDH is a multifunctional protein with defined functions in different subcellular 
processes, namely a primary role in glycolysis, apoptosis and in a variety of critical nuclear 
pathways (Sirover, 2005). GAPDH is overexpressed in various cancer cells, such as lung cancer, 
prostatic adenocarcinoma, renal cell carcinoma, breast carcinoma cells or hepatocellular carcinoma 
(Sirover, 1997; Révillion et al., 2000), and is considered as a novel target for anticancer therapy 
(Ray et al., 1997; Pathania et al., 2009; Zhang et al., 2015). 

Ghosh and collaborators (2014) showed that functionalized metal chalcogenide QDs have a 
marked affinity towards mouse GAPDH isoforms. These QDs inhibit reversibly GAPDH enzyme 
activity from normal mouse tissues, whereas isoforms of this enzyme from tumour-associated 
tissues are irreversibly inhibited at a significantly low concentration of QDs. When cancer cells are 
exposed to QDs, loss of cellular GAPDH activity causes metabolic perturbation during glycolysis. 
This suggests a possible mechanism of impaired energy homeostasis during QDs-mediated cellular 
injury that can cause cell death (Ghosh et al., 2014). Spectroscopic evidence reveals that the binding 
of QDs to rabbit and mouse GAPDHs retains the protein structure (Ghosh et al, 2014). Since the 
active site of GAPDH is surrounded by positively charged amino acid residues, the negatively 
surface-functionalized QDs can alter the structure of active site and reduce the accessibility of 
negatively charged substrates (such as GAP).  

A critical cysteine residue (Cys-149) in the active site (Smith et al., 1979) was supposed to 
be the target for QD-binding (Ghosh et al, 2014). This residue is highly conservated in yeast, mouse 
and human enzymes and thus these observations suggest that CdS QDs can inhibit yeast GAPDH 
activity via electrostatic interaction with Cys residue in the active site. 
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10.2 CdS QDs: human protein corona 

 
10.2.1 Formation of human blood plasma corona on CdS QD surface 

The interactions between ENMs and macromolecules in the blood plasma dictate the 
biocompatibility, delivery and the effects (positive or negative) of these materials. Human blood 
plasma is constituted by thousands of proteins (ca. 4000), some of which are more abundant (e.g., 
serum albumin; Anderson et al., 2004). 

To identify human plasma proteins that form the NP corona, CdS QDs and human plasma 
proteins were incubated with gentle agitation for 24 hours at 4°C and proteins bound to the NPs 
were recovered by multiple centrifugation steps and extensively washed to remove almost all 
nonbound and soft corona proteins. Proteins absorbed on CdS QDs were identified by LC-MS/MS 
analysis (Fig. 48; Table 6 and 7); among these, apolipoproteins, proteins involved in complement 
system and in clotting process. These proteins were also detected on other NP-coronas (Cedervall et 

al., 2007; Lundqvist et al., 2008; Dobrovolskaia et al., 2008; Deng et al., 2011; Sund et al., 2011; 

Tenzer et al., 2013; Walkey et al., 2014; Chen et al., 2016).  

 
Fig. 48 Proteomic analysis of the human plasma proteins adsorbed on the surface of CdS QDs with high 

affinity. Aliquots of the wash solutions (P1-P6; 50% of the total sample) and plasma-derived hard protein 

corona (PQD; 15% of the total sample) were visualized by 12% SDS-PAGE. Hard protein corona was 

composed of many different proteins with molecular weights between 30 and 500 kDa.  

P1-P4) Washes (first, second and fourth) of the CdS QD-protein pellet with wash buffer A; P6) Wash (sixth) 

of the CdS QD-protein pellet with wash buffer B (see “Materials and Methods” for additional details). 
 

 

Table 6. Plasma-derived hard corona proteins identified by LC-MS/MS analysis. 
 

Identified proteins Score Coverage pI 

Apolipoprotein B100 629.31 52.58 6.58 
Apolipoprotein A1 121.18 76.4 5.56 
Apolipoprotein L1  30.50 26.84 5.6  

Complement component III (C3) 39.44 25.86 6.02 
Fibrinogen, alpha chain 197.89 57.61 5.7 
Fibrinogen, beta chain 104.02 47.25 8.54 

Fibrinogen, gamma chain 111.12 42.79 5.37 
Kininogen I 25.39 25.37 6.34 
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At the physiological pH of blood plasma (pH=7.3), preferential binding of negatively 
charged proteins (pI < 7) onto the CdS QD surfaces was observed (Table 6). As reported for yeast 
protein corona (see Section 10.1), these observations leads to suppose that electrostatic interactions 
may be established between hard corona proteins and CdS QDs. 

Interestingly, the most abundant proteins in the plasma (serum albumin and 
immunoglobulins) were not identified in the hard corona of the CdS QDs. Among other proteins 
identified in this study, only Apolipoprotein B100 and Apolipoprotein A1 were relatively abundant 
plasma proteins.  

The protein size also played a significant role: few proteins with high molecular mass (> 90 
kDa) were find on the NP surfaces (Table 7).  
 
 

Table 7. Characteristics of hard corona-plasmatic proteins adsorbed to CdS QDs. 
 

Identified proteins UniProt Acc. N. Mol. weight 

(kDa) 

Biological Process 

 

Apolipoprotein B100 P04114 515 Lipid metabolism 
Apolipoprotein A1 P02647 31 Lipid metabolism 
Apolipoprotein L1 O14791-3 42 Lipid metabolism 

Complement component III (C3) P01024 187 Complement system 
Fibrinogen alpha chain P02671 69 Clotting process 
Fibrinogen beta chain P02675 56 Clotting process 

Fibrinogen gamma chain P02679 49 Clotting process 
Kininogen I P01042 72 Clotting process 

 
 

Apolipoproteins, plasma proteins highly enriched in the CdS QD-corona, were involved in 
lipid transport and metabolism. Apolipoprotein B100 (ApoB100) have been studied extensively 
because they play central roles in lipoprotein assembly, plasma lipid metabolism and atherogenesis. 
This lipoprotein is the major protein constituent of cholesterol-rich low density lipoproteins (LDL) 
and very low density lipoproteins (VLDL). ApoB100 functions as a recognition signal for the 
cellular binding and internalization of LDL particles by the apoB/E receptor. 

Apolipoprotein A1 (ApoA1) is the major protein constituent of high-density lipoprotein 
(HDL) that transports lipids and cholesterol in the bloodstream, is involved in reverse cholesterol 
transport and is thought to play an important role in lowering the risk of coronary artery disease. 
ApoA1 participates in the reverse transport of cholesterol from tissues to the liver for excretion by 
promoting cholesterol efflux from tissues and by acting as a cofactor for the lecithin cholesterol 
acyltransferase (LCAT). The most common receptor is scavenger receptor class B type 1 (SR-BI), 
which mediates the bidirectional lipid transfer between VLDL, LDL and HDL and cells (Zannis et 

al., 2006). SR-BI is expressed mainly in the liver and steroidogenic glands, but also in brain, 
intestine, and placenta, and in cells such as macrophages and endothelial cells (Zannis et al., 2006).  
Apolipoprotein L1 is a secreted high density lipoprotein which binds to ApoA1. This apolipoprotein 
L family member may play a role in lipid exchange and transport throughout the body, as well as in 
reverse cholesterol transport from peripheral cells to the liver.  

Several members of the apolipoprotein family, as well as lipid molecules, have also been 
detected on other ENMs, e.g. polystyrene, solid lipid NPs and carbon nanotubes (Lundqvist et al., 

2008; Cedervall et al., 2007). Protein binding is one of the key elements that affects biodistribution 
of the ENMs throughout the body and the interaction between lipoprotein and these materials could 
affect their biodistribution.  In another study, functionalization of the surface of QDs with 5,6-
secosterol atheronal-B induced the binding to and misfolding of apolipoprotein B-100 (Apo-B100) 
in low-density lipoprotein (LDL) in the protein corona. The conformational change induced by the 



 
 

87 

misfolding of Apo-B100 causes the exposure of epitopes that bind cell-surface receptors on 
macrophage cells, which ultimately favors the selective uptake of atheronal-modified LDL particles 
by cells and foam cell formation (Prapainop et al., 2012). Furthermore, the discovery that NPs can 
bind intact lipoprotein complexes offers a new window on nanomedicine, as NPs may also “hitch a 
lift” on existing cellular lipidic transport pathways 

The complement system is a critical component of the innate immunity in the blood and 
comprising over thirty proteins. The complement system is a proteolytic cascade that converge to 
generate the same set of effector molecules at the third component of complement (C3). C3 plays 
a central role in the activation of the complement system and also promotes phagocytosis, supports 
local inflammatory responses against pathogens and instructs the adaptive immune response to 
select the appropriate antigens for a humoral response. In addition, its interactions with the proteins 
of foreign pathogens may provide a mechanism by which these microorganisms evade complement 
attack. In chronic inflammation, C3 acts as a chemoattractant for neutrophils. It induces the 
contraction of smooth muscle, increases vascular permeability and causes histamine release from 
mast cells and basophilic leukocytes. C3 is an ancient molecule; its identification in echinoderms 
and tunicates suggests that it emerged at least 700 million years ago, long before the appearance of 
immunoglobulins.  
Complement proteins were consistently identified in high-throughput proteomic screens of NP 
coronas (Lundqvist et al., 2008; Tenzer et al., 2013; Walkey et al., 2014; Chen et al., 2016). 
Complement proteins deposit on the surface of NPs in a process called “opsonization”. C3 
activation by pathway-specific C3 convertases generates C3b and iC3b; these species prime the 
surface of a NP for engulfment by leukocytes and macrophages through complement receptors 
(Moghimi et al., 2003). The ways complement proteins assemble on NPs have remained unclear. 
Activation of the complement cascade on exposure to several NPs leads to hypersensitivity 
reactions and anaphylaxis (Dobrovolskaia et al., 2008). Moreover, binding of complement proteins 
to NPs can activate complement processes that eventually cause inflammation (Qu et al., 2012). 
Inflammation has been shown to directly cause toxicity and promote cell death through the 
induction of toxic by-products of inflammation such as ROS and complement proteins, as well as 
via receptor-induced apoptosis/necrosis (Wallach et al., 2015). NPs may be designed to avoid such 
immune toxicity and so improve their safety.  

 
Human plasma proteins isolated in CdS QD-corona were also involved in clotting process: 

fibrinogen (alpha, beta and gamma chain) and kininogen 1. Fibrinogen is synthesized in the liver 
and constitutes 7% of blood proteins. The intact protein has a molecular weight of 340 kDa and is 
composed of 3 pairs of disulphide-bound polypeptide chains named Aα, Bβ and γ. Fibrinogen is a 
triglobular protein consisting of a central E domain and terminal D domains. Proteolysis by 
thrombin results in release of Fibrinopeptide A (FPA, Aα1-16) followed by Fibrinopeptide B (FPB, 
Bβ1-14) and the fibrin monomers that result polymerize in a half-overlap fashion to form insoluble 
fibrin fibrils. The chains of fibrin are referred to as α, β and γ, due to the removal of FPA and FPB. 
Fibrin has a major function in hemostasis as one of the primary components of blood clots. 
Fibrinogen is essential for platelet aggregation and acts during the early stages of wound repair to 
stabilize the lesion and guide cell migration during re-epithelialization. It’s known that fibrinogen 
was denatured to a greater extent on the surface of small NPs (Roach et al., 2006; Deng et al., 

2011). Complement factors and fibrinogen can promote phagocytosis and removal of the NPs from 
systemic circulation via cells of the reticuloendothelial system. These NPs were sequested in the 
reticuloendothelial system organs very rapidly and concentrated in the liver and spleen 
(Dobrovolskaia et al., 2007). 

Kininogen 1 (Kng1), also known as alpha-2-thiol proteinase inhibitor, is the precursor 
protein of low-molecular-weight kininogen (LMWK) and high molecular-weight 
kininogen (HMWK), essential for blood coagulation. Kng1 was adsorbed on hydrophilic inorganic 
NPs, polymer NPs and NPs with hydrophobic surface component (Karmali and Simberg, 2011). 
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We observed that CdS QDs bind several proteins involved in blood coagulation and some reports 
suggest that ENMs can induce platelet aggregation, but the underlying mechanisms are largely 
unknown (Dobrovolskaia et al., 2009a). 
 

Adsorbtion onto NP surface may caused conformational changes, exposure of protein 
epitopes that can mediate cytotoxic mechanisms (Nel et al., 2009). For example, it was 
demonstrated that functionalized gold NPs induced unfolding of adsorbed fibrinogen that, in turn, 
interacted with the leukocyte receptor MAC-1, thereby triggering an inflammatory response (Deng 

et al., 2011). 
It is possible hypothesize that conformational changes in the identified plasma proteins may 

also occur during the adsorption on CdS QDs and facilitate this interaction. About this hypothesis, 
we observed that the identified proteins have a high frequency of disordered regions (DRs; Fig. 49). 
DRs are defined as regions of proteins that lack a fixed tertiary structure; DRs are involved in a 
variety of functions (Dunker et al., 2001), including DNA/RNA/protein recognition, modulation of 
specificity/affinity of protein binding, molecular threading and activation by cleavage. For example, 
16 DRs, of which a very long DR (129 amino acids; Fig. 49), were predicted in the fibrinogen alpha 
chain (FibA) sequence using PONDR® (Predictors of Natural Disordered Regions; 
www.pondr.com) software. 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 49 Prediction of DRs in the human FibA protein. Graphical representation of the PONDR® output that 

showed long DRs (indicated with black segments) in FibA sequence. PONDR software use the VL-XT 

algorithm (www.pondr.com). 
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10.2.2 Identification of human proteins (Caco-2 cell line) with high affinity for CdS QDs  

The respiratory system and the GI tract are considered to be the main routes by which ENMs 
may access the body. After inhalation, the majority of ENMs are transported out of the lung by the 
mucociliary clearance mechanism, swallowed and enter in the GI tract (Docter et al., 2014). The GI 
tract is a major biobarrier target organ for ENMs due to its huge surface area. Also, GI is 
specialized in the uptake and excretion of various molecules and thus, connects the environment to 
the bloodstream. A well accepted in vitro model to study ENM exposure via the oral route is the 
epithelial colonic carcinoma cell line Caco-2, which has features consistent with differentiated 
small intestinal enterocytes (Docter et al., 2014).  

Here, we employed CdS QDs and Caco-2 cell line as a model to study the protein corona 
formation in the GI tract cells. Firstly, we evaluated the effect of CdS QDs (dose range 10–160 
µg/ml) on the viability of Caco-2 cells after 24 hour of exposure using AlamarBlue® viability assay 
(Fig. 50). CdS QDs slightly lowered cell viability inducing a maximal decrease of 16%.  

 
 
 
 

 

 
 
Fig. 50 Effect of CdS QDs on cell viability of Caco-2 cell line. Untreated Caco-2 cells were used as 

control sample (100%). 

 
 
 

To identify Caco-2 proteins that form the NP corona, CdS QDs and human protein extracts 
were incubated with gentle agitation for 24 hours at 4°C and proteins bound to these NPs were 
recovered by multiple centrifugation steps and extensively washed to remove almost all nonbound 
and soft corona proteins. Proteins absorbed on CdS QDs were identified by LC-MS/MS analysis 
(Fig. 51; Table 8); among these, proteins involved in acid nucleic binding, in transporter activity 
and cytoskeleton components were adsorbed to CdS QDs (Table 9).  

As observed for yeast and plasma corona, most of the identified proteins have a pI <6.5 
(70%; Table 8) and a molecular weight of less than 90 kDa (100%; Table 9) supporting the 
hypothesis that negatively charged proteins with sizes comparable to thse NPs were adsorbed to the 
surface of CdS QDs. 
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Fig. 51 Proteomic analysis of the human proteins (Caco-2 cell lines) adsorbed on the surface of CdS QDs 

with high affinity. Aliquots of the wash solutions (C1-C8; 50% of the total sample) and human-derived hard 

protein corona (CQD; 15% of the total sample) were visualized by 12% SDS-PAGE. Hard protein corona was 

composed of many different proteins with molecular weights between 10 and 100 kDa.  

C1-C5) Washes (first and fifth) of the CdS QD-protein pellet with wash buffer A; C8) Wash (eighth) of the 

CdS QD-protein pellet with wash buffer B (see “Materials and Methods” for additional details). 
 
 

 

 

 

 

 

Table 8. Human-derived hard corona proteins identified by LC-MS/MS analysis. 

 

Identified proteins Score Coverage pI 

Tubulin beta chain 86.83 54.95 4.89 
Tubulin alpha-1B chain 

(Isoform 2) 
58.91 42.09 4.94 

Keratin (type II), cytoskeletal 8 102.74 43.69 5.59 

Keratin (type I), cytoskeletal 18 142.49 35.58 5.45 
Heterogeneous nuclear 

ribonucleoprotein U 
20.60  11.99 6.43 

Histone H2B 123.35 60.24 10.32 
Histone H3 40.13 57.58 11.30 

Facilitated glucose transporter, 
member 3 variant 

22.13 16.96 5.92 

Glutamate dehydrogenase 1, 
mitochondria 

18.71 12.28 7.58 
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Table 9. Characteristics of hard corona proteins adsorbed to CdS QDs. 
 

Identified proteins 
UniProt 

Accession N. 

Mol. weight 

(kDa) 
Biological Process 

Tubulin beta chain (Tbb5) P07437 49.6 Cytoskeleton 

Tubulin alpha-1B chain (Tba1b) P68363 37.2 Cytoskeleton 

Keratin (type II), cytoskeletal 8 
(K2c8) 

P05787 
 

53.7 Cytoskeleton 

Keratin (type I), cytoskeletal 18 
(K1c18) 

P05783 48 Cytoskeleton 

Heterogeneous nuclear 
ribonucleoprotein U (HnRNPu) 

Q00839 86.8 
DNA and RNA 

binding 
Histone H2B  B4DR52 18 DNA binding 

Histone H3 (H33) P84243 14.9 DNA binding 
Facilitated glucose transporter, 

member 3 variant  
Q59F54 31.9 Transporter activity 

Glutamate dehydrogenase 1, 
mitochondria (Glud1) 

P00367 42.9 Biosynthetic process 

 
 

Interestingly, we observed that several proteins involved in acid nucleic binding are adsorbed 
to CdS QDs, in particular, two histones (H2B and H3), a ribonucleoprotein (heterogeneous nuclear 
ribonucleoprotein U) and HMG-I/Y protein. Histones are a family of basic proteins that associate 
with DNA in the nucleus and form the chromatin. The complex array of histone 
modifications/variants alter the overall charge and conformation of chromatin which helps in 
recruitment of factors at damage site to facilitate repair, and thus in maintaining genomic integrity 
in response to DNA damaging agents. Furthermore, histones are involved in transcription regulation 
and DNA replication. Notably, it is known that QDs, due to their small size, were able to enter the 
nucleus through the nuclear pore, inducing nuclear protein aggregation, as well as the inhibition of 
gene transcription and cell proliferation (Nabiev et al., 2007) and direct damage to chromosomes or 
nucleoproteins (Singh et al., 2009). Insteed, QDs exhibit strong affinity to core histones and 
histone-rich cell organelles (Conroy et al., 2008). Histone binding is driven by electrostatic 
interactions between negatively charged QDs and positively charged core histone proteins.  

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a family of proteins which share 
common structural domains; they have central roles in DNA repair, telomere biogenesis, cell 
signaling and in regulating gene expression at both transcriptional and translational levels. Through 
these key cellular functions, individual hnRNPs have a variety of potential roles in tumour 
development and progression including the inhibition of apoptosis, angiogenesis and cell invasion. 
Furthermore, hnRNPs bind double- and single-stranded DNA and RNA molecules.  

HMG-I/Y proteins binds preferentially to the minor groove of A/T rich regions in double-
stranded DNA molecules. It is suggested that these proteins could function in nucleosome phasing 
and in the 3'-end processing of mRNA transcripts. They are also involved in the transcription 
regulation of genes containing or in close proximity to A/T-rich regions. 

The interaction between these nuclear proteins and CdS QDs could result in alteration in 
their cellular role, from DNA damage susceptibility to aberrant transcriptional and replication 
processes.  
 

CdS QDs bind with high affinity several cytoskeletal elements (Tables 8 and 9): keratins 8 
and 18; tubulin beta chain (Tbb5) and tubulin alpha-1B chain (Tba1b). Keratins are fibrous 
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structural proteins that regulate protein synthesis and epithelial cell growth. Keratins 8 and 18 are 
major components of the intermediate filaments (IFs) of single-layered epithelia, as found in the GI 
tract, liver, and exocrine pancreas. Keratins have also involved in secretion and protection against 
chemical injury. 
  

Tubulin is the major building block of microtubules, that are essential in many cell functions, 
as cell division, intracellular transport or flagellar movement. Notably, significant structural 
changes in actin and tubulin networks were observed in 3T3 fibroblasts after incubation with 
CdSe/ZnSe QDs (Mahto et al. 2010). In addition, exposure to metal-based NPs also leads to 
alterations in the cellular cytoskeletal network (Pernodet et al., 2006; Mironava et al., 2010; Wu et 

al., 2010; Soenen et al., 2010), inducing conformational changes in tubulin structure (Gheshlaghi et 

al., 2008).  
NPs with different shapes could lead to different effects on the cytoskeleton of the same cell 

lines (Huang et al., 2010). For istance, gold nanomaterials have also been reported to induce 
cytoskeletal defects as well as profound effects on the morphology of several cell types, such as 
A549 human lung carcinoma cells (Patra et al., 2007). Gold NPs have also been described to have a 
concentration-dependent effect on the actin fibrils of human dermal fibroblasts (Pernodet et al., 

2006). Furthermore, disruption of cytoskeletal filaments is a function of gold NPs exposure time, 
concentration and size, although actin or β-tubulin protein expression levels are not affected 
(Pernodet et al., 2006; Mironava et al., 2010). Furthermore, exposure to metal-oxide NPs, such as 
ZnO or Fe2O3, leads to alterations in the cellular cytoskeletal network. Fe2O3 NPs greatly disrupted 
actin fibers and tubulin network of human umbilical vein endothelial cells (HUVECs) and also 
impeded the maturation of focal adhesion complexes, which linked the cytoskeletal network to the 
extracellular matrix (Wu et al., 2010). A variety of Fe2O3 NPs, including lipid-dextran-and citrate-
coated, induced actin and tubulin network deformations when high intracellular levels were reached 
in neural progenitor cells and primary human blood outgrowth endothelial cells (Soenen et al., 

2010). Thus, the cytoskeleton plays an important role in the NP uptake process as well as 
cytotoxicity research.  

 
Other proteins that have been found in the CdS QD-corona are a glucose transporter and a 

mitochondrial glutamate deydrogenase. Facilitated glucose transporter is responsible for 
constitutive or basal glucose uptake. This transporter has a very broad substrate specificity and can 
transport a wide range of aldoses, including both pentoses and hexoses. 

Glutamate deydrogenase 1 (Glud1) is a mitochondrial enzyme that converts L-glutamate 
into alpha-ketoglutarate. Glud1 plays a key role in glutamine anaplerosis by producing alpha-
ketoglutarate, an important intermediate in the tricarboxylic acid cycle.  
 

As observed for plasma proteins, several DRs are predicted in most of the corona protein 
sequences identified in Caco-2 cells; in particular, Histone H3 and hnRNPu contain long DRs (Fig. 
52 and 53). 
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Fig. 52 Prediction of DRs in histone H3 protein sequence. a) Graphical representation of the PONDR® 

output that showed long DRs (indicated with black segments) in histone H3 sequence. b) Charge-hydropathy 

(C-H) plot using PONDR®. The plot compares the absolute mean net charge and the mean scaled 

hydropathy of completely disordered proteins (red) and completely ordered proteins (blue). Ordered and 

disordered proteins can be separated to a significant degree by a linear boundary (black line), with proteins 

located above this boundary line being natively unfolded and with proteins below the boundary line being 

ordered. Histone H3 (green dot) is located in the protein disordered group. 
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Fig. 53 Prediction of DRs in hnRNPu protein sequence. a) Graphical representation of the PONDR® output 

that showed long DRs (indicated with black segments) in hnRNPu sequence. b) Charge-hydropathy plot 

using PONDR®. HnRNPu (green dot) is located in the protein disordered group.  

a 
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11. RESULTS AND DISCUSSION: SILICA NPs. 

SiO2 NPs is one of the most used ENMs (Piccinno et al., 2012). Silica NPs are applied as 
food additive (E551), but have also attracted much attention because offer great potential for 
various applications (e.g., as drug carriers) due to their unique properties such as the variety of 
surface modifications and their convenient synthesis. 

The assessment of amorphous silica being non-toxic is mostly based on the testing of 
micrometer-sized bulk materials. Whether nano-sized amorphous silica should be considered as a 
completely novel entity of materials is still an ongoing debate in the growing field of 
nanotechnology. Consequently, the present PhD thesis investigated the potential toxic effects of 
SiO2 NPs, focusing on the characterization of silica NPs-protein corona. 

 
 

11.1 Characterization of SiO2 NPs 

A detailed physico-chemical characterization of the SiO2 NPs was provided in the report on 
the synthetic amorphous SiO2 NPs of the JRC Repository (Rasmussen et al., 2013). NPs used in this 
study are provided by Prof. Bussolati (Dep. S.Bi.Bi.T., University of Parma) and are produced via 
the thermal route, that is burning SiCl4 in an oxygen-rich hydrocarbon flame to produce a fume of 
SiO2 (Rasmussen et al., 2013).  

Physico-chemical properties of SiO2 NPs are indicated in Table 10. NPs were dispersed into 
0.05% BSA in water, at the concentration of 2.56 g/L, as indicated by JRC Repository. Primary 
particle size is 13 ± 6 nm, but SiO2 NPs form agglomerates with an average size of 138.3 ± 16 nm 
in our reaction conditions.  

Notably, the surface of silica is composed of silanol groups (Si-OH), with hydrophilic 
properties and siloxane bridges (Si-O-Si) (Napierska et al., 2010). At neutral pH, the silanol groups 
tend to be deprotonated leading to a negatively charged surface (Klein et al., 2016), as indicated by 
a negative value of zeta potential (Table 10). 
 
 
 
 

Table 10. Physico-chemical properties of SiO2 NPs. 
 

Indicative content 

of SiO2 (% wt) 

Crystallin

ity 

Primary particle 

size (nm)
1
 

Specific surface 

area (m
2
/g)

2
 

Zeta potential  

(surface change) 

99%  
Si content: 46.3% 

amorphous 13± 6 203.92 
-46.1 mV 

(in milliQ water at pH=6.6) 
 

1TEM analysis. The TEM specimens of suspended ASNP were prepared on 300-mesh Cu lacey carbon grids 
by drop-casting and were visualized under a Jeol 2100 TEM (Jeol Ltd) operating at 200 kV with a 
Lanthanum Hexaborise emission source. 
2Brunauer-Emmett-Teller (BET) Surface Area Analysis provides precise specific surface area evaluation of 
materials by nitrogen multilayer adsorption measured as a function of relative pressure using a fully 
automated analyser. The technique encompasses external area and pore area evaluations to determine the 
total specific surface area in m2/g yielding important information in studying the effects of surface porosity 
and particle size in many applications. 
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11.2 Exposure of S. cerevisiae to SiO2 NPs 

We evaluated the cytotoxic effects of SiO2 NPs in S. cerevisiae. Serial dilution assay of 
wild-type (BY4742) cells were performed on standard synthetic media supplemented with glucose 
(2%) as carbon source (SD) in the absence or in the presence of SiO2 NPs (0.25-2 g/L; see 

“Materials and Methods” for details). In contrast to CdS QDs (Fig. 54), the results showed a low 
toxicity of SiO2 NPs in wild type strain, also exposed to high concentrations of NPs (2 g/L). It is 
possible that differences in cytotoxicity between the two types of NPs could be correlated with 
different uptake rates. In fact, SiO2 NPs form aggregates in SD medium and the effective size of 
NPs (140 nm, average size) can greatly exceed their primary particle size (Table 10). Experiments 
to evaluate the internalization levels of SiO2 NPs are still ongoing. 

 

 
Fig. 54 Silica NPs showed low toxicity in yeats cells. Serial dilution assay (spot assays) of wild-type strain 

grown in the absence (- ENMs) or in the presence of CdS QDs (0.25 g/L) or SiO2 NPs (0.25-2 g/L), on 

standard synthetic media supplemented with glucose (2%) as carbon source (SD).  

 

 

 

 
11.2.1 SiO2 NP-protein corona assay conditions 

To identify yeast proteins which were adsorbed on the SiO2 NP surface, NPs and protein 
extracts were incubated with gentle agitation. After incubation, the NPs and corona proteins were 
recovered by centrifugation and washed to remove nonbound proteins. After three centrifugation 
steps followed by resuspension in wash buffer, the adsorbed proteins were eluted from the NP 
surface and analyzed with SDS-polyacrylamide gel electrophoresis to estimate molecular masses 
and relative abundance of polypeptides (Fig. 55; see “Materials and Methods” for additional 

details).  
As for CdS QDs, to determine the optimal conditions for the binding assay, adsorption of 

yeast proteins to the surface of SiO2 NPs was analyzed in the presence of different amount of yeast 
protein extracts (0.1-1 mg), different times of exposure (1-24 hours) and temperature (4°C-37°C) 
incubation. For each condition tested, SiO2 NP-corona proteins were analyzed with SDS-PAGE. 
Based on a visual evaluation of the SDS-PAGE gels, the total amounts of adsorbed proteins were 
strongly increased with the increase of the protein extract concentration (Fig. 55) and the time of 
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exposure (data not shown). Importantly, quantitative, but not qualitative, differences were detected 
in the protein profiles visualized in SDS-PAGE (Fig. 55).  

Thus, to maximize the amount of adsorbed proteins, we proceeded to carry out the 
experiments in the same conditions used for CdS QDs: yeast extracts (1 mg, total protein extract), 
incubation time for 24 hours at 4°C. 
 
  

 
Fig. 55 Yeast proteins adsorbed onto silica NP surface. Different amounts of yeast proteins were adsorbed to 

SiO2 NPs; increasing yeast protein extract concentration [0.1 mg (1), 0.3 mg (2), 0.6 mg (3), 1 mg (4)] 

corresponded to a greater adsorption on the NPs. We loaded in 12% SDS-PAGE the 50% of the proteins 

eluted from samples 1,2 and 3, while we loaded the 25% of the proteins eluted from sample 4. 
 

 
11.2.2 Identification of yeast proteins with high affinity for SiO2 NPs 

To identify yeast proteins that form the hard corona in SiO2 NPs, after incubation for 24 
hours, proteins bound to the NPs were recovered by multiple centrifugation steps and extensively 
washed to remove almost all nonbound and soft corona proteins (see “Materials and Methods” for 

additional details). Hard corona proteins were eluted from the NP surface, visualized by gel 
electrophoresis and quantitatively analyzed (after tryptic digestion) using LC–high-resolution MS 
using LTQ-ORBITRAP XL mass spectrometer, as performed for CdS QDs. The experiments were 
carried out in three independent replicates. In yeast, the hard corona of the SiO2 NPs was composed 
of many different proteins with molecular weights between 10 and 120 kDa (Fig. 56; Tables 11 and 
12). The proteins that contribute to the formation of this protein corona were involved in translation 
processes, in energy and cell metabolism (Table 12).  
 

SiO2 NPs were prepared according to the protocol of the JRC Repository (Rasmussen et al., 

2013) that includes the addition of BSA during the dissolution of the NPs. We wondered if the 
presence of the BSA could alter the binding of yeast proteins to silica NPs and we executed the 
binding assay under the same conditions described above, but using a silica NPs preparation 
obtained without BSA. Hard corona proteins adsorbed on SiO2 NPs obtained by the two silica NP 
preparations were eluted and analysed with SDS-PAGE (Fig. 57). Quantitative differences were 
detected in the observed protein profiles: the band intensities of corona proteins from BSA-added 
NPs was higher than the silica preparation without BSA. Thus, the presence of BSA did not alter 
the protein pattern, but the relative protein abundance (Fig. 57). From a qualitative point of view, 
BSA is the only different protein band in the sample obtained by NPs dispersed in BSA (Fig. 57). 
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Fig. 56 Proteomic analysis of the yeast proteins adsorbed on the surface of SiO2 NPs with high affinity. 

Aliquots of the wash solutions (Y1-Y8; 50% of the total sample) and yeast-derived hard protein corona (YSN; 

15% of the total sample) were visualized by 12% SDS-PAGE. Hard protein corona was composed of many 

different proteins with molecular weights between 10 and 120 kDa.  

Y2-Y4) Washes (second and fourth) of the SiO2 NP-protein pellet with wash buffer A; Y8) Wash (eighth) of 

the SiO2 NP-protein pellet with wash buffer B (see “Materials and Methods” for additional details). 
 
 

 

 
Fig. 57 Hard protein corona obtained from SiO2 NPs dispersed (+BSA) or not (-BSA) in 0.05% BSA-water 

milliQ. Yeast protein extract was exposed for 24h at 4°C to SiO2 NPs (+/-BSA).  
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Table 11. Yeast-derived hard corona proteins identified by LC-MS/MS analysis. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 12. Characteristics of hard corona proteins adsorbed to silica NPs. 

Identified 

proteins 
Sistematic name and description (SGD) 

Mol. 

weight 

(kDa) 

Biological 

Process 

Rpl12a YOL039W, Ribosomal 60S subunit protein L12A 18 
Translation 

process 

Stm1 
YLR150W, Protein required for optimal translation 

under nutrient stress 
30 

Translation 
process 

Tma10 
YLR327C, Translation Machinery Associated, 
protein of unknow function that associates with 

ribosomes 
10 

Translation 
process 

Tif3 YPR163C, Translation Initiation Factor 3 49 
Translation 

process 

Tef1 YPR080W, Translation Elongation Factor  50 
Translation 

process 

Eft2 YDR385W, Elongation Factor 2 92 
Translation 

process 

Yef3 YLR249W, Translation Elongation Factor 3 116 
Translation 

process 

Cdc19 YAL038W, Pyruvate kinase 54 
Energy 

metabolism 

Mbf1 YOR298C, Transcriptional coactivator 16 Transcription 

Gus1 YGL245W, Glutamyl-tRNA synthetase 81 
Cell 

metabolism 

Shm2 YLR058C, Serine hydroxymethyltransferase 52 
Cell 

metabolism 
 

Identified proteins Score Coverage pI 

Tef1 234.62 71.83 9.14 
Yef3 194.22 58.91 5.73 
Stm1 63.41 55.68 9.66 
Cdc19 63.14 43.80 7.56 
Eft2 36.70 17.81 9.10 

Tma10 32.56 67.44 9.75 
Tif3 27.71 22.02 5.17 

Rpl12a 25.62 55.76 10.10 
Gus1 23.94 12.57 7.21 
Shm2 20.95 17.06 6.98 
Mbf1 20.33 27.15 10.61 
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Notably, several yeast proteins (Eft2, Tef1, Cdc19, Yef3) have also been identified in hard 
corona of CdS QDs (see Section 10.1). 
Several corona proteins specifically adsorbed to silica NPs were involved in translation process. 
Among these, Rpl12a is a component of the large ribosomal subunit and is involved in the 
interaction between translational elongation factors and the ribosome. Notably, Taniguchi et al. 
(2007) showed that the Escherichia coli ribosomal protein L2 strongly adsorb to silica NPs.  
Stm1 is a 30-kDa basic protein required for optimal translation under stress condition. Stm1 was 
originally identified as a protein with a high affinity for nucleic acid structures, as G4 quadruplex 
and antiparallel purine motif triplex. These structures may be present at DNA telomeres or in 
rRNAs. Recent studies have proposed a role for Stm1 in a variety of biological processes, ranging 
from telomere maintainance to apoptosis. 
Tif3 is a translation initiation factor; this protein consists of three domains: the N-terminal domain 
(1–182 amino acids) with an RNA recognition motif (RRM); the middle region, composed by a 
seven-fold repeat of 26 amino acids rich in basic and acidic residues (183–350 amino acids); a C-
terminal domain without homology to any known sequence (351–436 amino acids). Tif3 has RNA 
annealing activity, interacts with Rps20p at the head of the 40S ribosomal subunit and alters the 
structure of the mRNA entry channel.  
Tma10 is a protein of unknown function that associates with ribosomes; its abundance increases in 
response to DNA replication stress.  
Adsorption to silica NPs of translation initiation (Tif3) and elongator (Eft2, Tef1, Yef3) factors may 
lead one to suppose that these NPs (as well as the CdS QDs) can cause problems to protein 
synthesis in yeast. In fact, Klein et al. (2016) showed that NPs of smaller size (10-20 nm) than SiO2 

NPs are able to inhibit protein synthesis in vitro. 
 
 

Other proteins specifically isolated in SiO2 NP-corona were involved in several metabolic 
processes. Gus1 is nucleic acid-transacting protein localized to the mitochondria and cytosol. Gus1 
catalyzes the attachment of glutamate to tRNAGlu in a two-step reaction: glutamate is first activated 
by ATP to form Glu-AMP and then transferred to tRNAGlu. In mitochondria, constitutes the 
nondiscriminating glutamyl-tRNA synthase that generates the mitochondrial mischarged glutamyl- 
tRNAGlu substrate for the tRNA-dependent amidotransferase, which generates mitochondrial 
glutaminyl-tRNAGlu by transamidation of glutamyl-tRNAGlu. 
Shm2 is a serine hydroxymethyltransferase, the major isoform involved in generating precursors for 
purine, pyrimidine, amino acid, and lipid biosynthesis; Shm2 is involved in the pathway of 
tetrahydrofolate interconversion that converts serine to glycine and methylenetetrahydrofolate.  
Mbf1 is a transcriptional coactivator that connects a regulatory factor and TATA element-
binding protein. 
 

Interestingly, Tef1, Rpp2a, Tif3, Eft2, Tma10, Shm2 and Mbf1 are highly conserved 
proteins and have human orthologs (Ensembl database; http://www.ensembl.org/index.html).  
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In contrast to CdS QDs, 60% of the isolated corona proteins has a pI >7.5, indicating that 
these proteins exhibit a net positive charge at physiological pH. Notably, most of these proteins 
(Table 13) has a significantly high frequency of Lys and/or Arg residues (Fig. 58). These results are 
in agreement with the observation that silica NPs have a negatively charged surface (Table 10). 
Protein adsorption to silica NPs is known to depend on electrostatic interactions and flexibility 
properties (Ikeda and Kuroda, 2011; Klein et al., 2016). As observed for SiO2 NPs of smaller size 
(10-20 nm) than those used in this work (Klein et al., 2016), we also highlighted a high frequency 
of non-polar amino acids with small lateral residues, especially in the coil/loop regions of these 
proteins, and the presence of long DRs in the N- and/or C-terminal regions of the identified corona 
protein sequences (Table 10 and Fig. 59). The high flexibility provided by long DRs could allow to 
establish large contact areas by conformational adaptation of the proteins to the NP surface (Tosaka 

et al. 2010; Ikeda and Kuroda, 2011; Klein et al., 2016). Indeed, Tosaka et al. (2010) showed that 
the E. coli ribosomal protein L2 strongly adsorb to silica NPs mainly through two DRs of 60 and 70 
amino acids. Thus, it is possible that proteins that contain DRs can be adsorbed with a high affinity 
to SiO2 NPs and that DRs act as binding sites, especially if parts of these regions are positively 
charged and can establish electrostatic interactions with the electronegative silica surface. 

Karlsson et al. (2005) have demonstrated that the adsorption of human carbonic anhydrase II 
onto negatively charged silica nanoparticles appears to be specific to limited regions at the N-
terminal domain of the protein. In this work, the orientation of the bound proteins is also pH-
dependent. At pH 6.3, a histidine-rich area is the dominant binding region. At higher pH values 
(e.g., pH 9.3), the protein is adsorbed near a region, which contains several lysine and arginine 
residues. This absorption behavior indicates that specific binding may be a result of electrostatic 
interactions between the positively charged areas on the protein surface and the negatively charged 
NPs. 
 

 
Fig. 58 3-D structure of the Tif3 protein. Arg residues are shown in yellow (image was generated with 

RasMol software). 
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Table 13. Amino acid frequencies in the corona protein sequences. 
 

Corona proteins
2 
 

  
Yeast 

proteome 

(mean)
1
 

Cdc19 Eft2 Yef3 Tef1 Gus1 Mbf1 Rpl12a Shm2 Stm1 Tif3 Tma10 

Acidic amino acids (negatively charged) 

Ala  5.7 8.6 (*) 
8.1 
(*) 

8.7 
(*) 

8.1 
(*) 

7.3 9.3 (*) 9.7 (*) 8.3 
11.7 
(*) 

8.7 (*) 1.2 (#) 

Gly 5.2 6.8 (*) 
7.0 
(*) 

6.0 
(*) 

9.2 
(*) 

5.1 9.3 (*) 7.9 (*) 7.5 4.8 8.0 (*) 11.6 (*) 

Val 5.8 9.6 (*) 
9.6 
(*) 

6.8 
(*) 

10.0 
(*) 

7.1 7.3 7.9 6.6 5.9 6 3.5 (#) 

Pro 4.3 5.0 (*) 4.8 4.1 
5.0 
(*) 

4.2 4.6 6.7 (*) 5.1 4.8 6.9 (*) 3.5 

Ile 6.5 7.4 5.9 7.5 6.6 6.8 5.3 9.1 (*) 6.6 
1.8 
(#) 

2.8 (#) 4.7 

Leu 9.6 7 8.2 8.3 5.2 8.5 6.0 (#) 6.7 (#) 7.9 
4.4 
(#) 

4.8 (#) 3.5 (#) 

Phe 4.7 3 4.2 3.4 3.7 4 0.0 (#) 2.4 3.2 
2.2 
(#) 

3 3.5 

Trp 1.1 0.2 1 1.1 1.3 1.7 0.7 0.0 (#) 0.6 0.4 2.5 (*) 2.3 (*) 

Tyr 3.4 3 2.4 1.9 1.7 3.2 1.3 (#) 1.2 (#) 4.9 
1.1 
(#) 

1.1 (#) 3.5 

Acidic amino acids (negatively charged) 

Asp 5.5 6.4 (*) 
6.9 
(*) 5.6 5.2 

9.0 
(*) 6.6 4.8 5.5 7.7 8.9 (*) 4.7 

Glu 6.3 5.6 6.5 
8.8 
(*) 6.8 6.2 3.3 (#) 7.3 6.2 7 9.2 (*) 5.8 

Basic aminoacids (positively charged) 

Arg 4.7 4.8 4.9 4.3 3.9 5.1 9.9 (*) 4.8 4.9 
7.3 
(*) 

9.6 (*) 7 

His 2.2 1.4 1.9 2.3 2.4 2 0.0 (#) 1.2 3.4 
0.4 
(#) 

0.2 (#) 4.7 (*) 

Lys  7.4 7.4 7.2 8 
10.7 
(*) 

10.2 10.6 (*) 10.9 (*) 6.6 
11.7 
(*) 

6.2 9.3 

Polar amino acids with uncharged groups 

Cys 1.5 1.4 1 1.4 1.5 1 0.0 (#) 0.6 1.1 
0.0 
(#) 0.0 (#) 0.0 (#) 

Ser 8.7 5.4 5.2 5.7 4.6 
4.0 
(#) 6.6 6.1 6.2 7 7.8 8.1 

Thr 5.8 7.6 (*) 5.7 6 6.1 5.1 6 3.6 5.5 7 4.8 7 

Asn 5.7 5.2 3.1 4.7 3.5 5.1 7.3 4.2 4.3 
11.4 
(*) 

5.7 11.6 (*) 

Gln 3.9 2 3.8 2.8 2.6 2.3 4.6 3.6 3.2 3.3 3.2 3.5 

Met 2.2 2.2 2.7 2.4 1.7 2.3 1.3 1.2 2.3 
0.4 
(#) 

0.5 (#) 1.2 
 

1
The average frequency of each amino acid residue in the yeast proteome (http://www.yeastgenome.org/). 

2
The amino acid residue frequencies in the corona protein sequences. Increased (*) or decreased (#) 

abundance of a given amino acid in the protein corona sequence relative to proteomic frequency (average) 

was indicated (see “Material and Methods). 
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Fig. 59 Prediction of DRs in yeast Mbf1 protein sequence. a) Graphical representation of the PONDR® 

output that showed long DRs (indicated with black segments) in Mbf1 sequence. b) Charge-hydropathy (C-

H) plot using PONDR®. Mbf1 (green dot) is located in the protein disordered group. 

b 

a 
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11.3 Identification of human proteins with high affinity for SiO2 NPs 

It is expected that in the future occupational and public exposure to silica and other NPs will 
further increase because of their huge potential and rising applications in technology and 
nanobiomedicine (Docter et al., 2014). To date, there are several reports about the potential toxicity 
of SiO2 NPs in the GI tract, based on studies employing in vitro as well as in vivo murine models 
(Napierska et al., 2010; Fu et al., 2013). In addition, biochemical studies have characterized sets of 
proteins with strong binding properties to SiO2 NPs using human plasma or serum (Roach et al., 

2006; Tenzer et al. 2011; Walkey and Chan, 2012). However, the mechanistic impact of the 
physico-chemical parameters of silica NPs as well as of the protein corona is not yet resolved in 
detail. 

We have evaluated the effect of silica NPs (dose range 10–80 µg/cm2) on the viability of 
Caco-2 cells after 24 hour of exposure using AlamarBlue® viability assay (Fig. 60). As observed 
with CdS QDs, we showed that SiO2 NPs slightly lowered cell viability inducing a maximal 
decrease of ca. 20%.  
 

 

 
 
Fig. 60 Effect of silica NPs on cell viability of Caco-2 cell line. Untreated Caco-2 cells were used 

as control sample (100%). 

 
 
 
 

To identify human proteins that form the NP corona, SiO2 NPs and Caco-2 protein extracts 
were incubated with gentle agitation for 24 hours at 4°C and proteins bound to these NPs were 
recovered by multiple centrifugation steps and extensively washed to remove almost all nonbound 
and soft corona proteins. Proteins absorbed on silica NPs were identified by LC-MS/MS analysis 
(Fig. 61; Table 14); among these, proteins involved in cell division, two histones, translation 
process and a molecular chaperone were strongly associated to SiO2 NPs. Notably, proteins 
involved in these processes were also identified in yeast corona of silica NPs (see Section 11.2), 
supporting the hypothesis that specialized proteins involved in metabolic processes in which is 
crucial a high flexibility in the protein structure are adsorbed to these NPs. Some of these proteins 
(Tubulin alpha-1B, Tubulin beta, Histone H2B) have also been isolated in the human protein corona 
of CdS QDs (see Section 10.2.2). 
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Fig. 61 Proteomic analysis of the Caco-2 proteins adsorbed on the surface of SiO2 NPs with high affinity. 

Aliquots of the wash solutions (C1-C8; 50% of the total sample) and human-derived hard protein corona 

(CSN; 15% of the total sample) were visualized by 12% SDS-PAGE. Hard protein corona was composed of 

many different proteins with molecular weights between 10 and 50 kDa.  

C1-C4) Washes (first, second and fourth) of the SiO2 NP-protein pellet with wash buffer A; C8) Wash 

(eighth) of the SiO2 NP-protein pellet with wash buffer B (see “Materials and Methods” for additional 

details). 
 

 
Two histones are identified in SiO2 NP-protein corona: histone H4 and histone H2B. Histones 

are core component of chromatin that play a central role in transcription regulation, DNA repair, 
DNA replication and chromosomal stability. DNA accessibility is regulated via a complex set of 
post-translational modifications of histones and nucleosome remodeling. Thus, the interaction 
between these proteins and SiO2 could result in alteration in their cellular role, from DNA damage 
susceptibility to aberrant transcriptional and replication processes. Indeed, Chen and Mikecz (2005) 
showed that silica NPs can penetrate into the cell nucleus, induce abnormal redistribution of nuclear 
proteins into protein aggregates and inhibit replication, transcription and cell proliferation. The 
authors suggest that these inhibitions result from protein adsorption and aggregation.  

 
As observed in yeast, a protein involved in elongation translation process is identified in Silica 

NP-corona. Elongation factor 1-alpha 1 (Ef1-alpha) promotes the GTP-dependent binding of 
aminoacyl-tRNA to the A-site of ribosomes during protein biosynthesis. In addiction, Ef1-alpha 
forms a complex with Parp1 and Txk that acts as a T helper 1 (Th1) cell-specific transcription factor 
and binds the promoter of IFN-gamma to directly regulate its transcription, and is thus involved 
importantly in Th1 cytokine production. 
 

60 kDa heat shock protein (Hspd1) is implicated in mitochondrial protein import and 
macromolecular assembly. Hspd1 may facilitate the correct folding of imported proteins and also 
prevent misfolding (or promote the refolding and proper assembly) of unfolded polypeptides 
generated under stress conditions in the mitochondrial matrix. 
 

All corona proteins isolated have a molecular weight < 60 kDa (Table 15) and 50% of these 
proteins presents a pI>7.5 (Table 14). As observed in yeast, corona proteins have a high number of 
long DRs, which confers them a high disorder and structure flessibility (Fig. 62). 
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Table 14. Human-derived hard corona proteins identified by LC-MS/MS analysis.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 15. Characteristics of hard corona proteins adsorbed to silica NPs. 
 

Identified proteins UniProt Acc. N. 
Mol. weight 

(kDa) 

Biological 

Process 

Tubulin alpha-1B chain (Isoform 2) P68363-2 50 cell division 
Tubulin beta-1 chain Q9H4B7 50 cell division 

Histone H4 P62805 11 DNA binding 
Histone H2 P62807 13 DNA binding 

Elongation factor 1-alpha 1 P68104 50 
translation 

process 

60 kDa heat shock protein, mitochondrial B7Z5E7 55 
molecular 
chaperone 

 
 

 
 

Fig. 62 Prediction of DRs in human histone H4 protein sequence. a) Graphical representation of the 

PONDR® output that showed long DRs (indicated with black segments) in histone H4 sequence. b) Charge-

hydropathy (C-H) plot using PONDR®. Histone H4 (green dot) is located in the protein disordered group. 
 
 
 
 

Identified Proteins Score Coverage pI 

Tubulin alpha-1B chain (Isoform 2) 38.7 35.8 5.0 

60 kDa heat shock protein, mitochondrial 37.8 14.7 5.6 

Histone H4 35.3 14.5 10.4 

Histone H2B 23.1 51.6 10.3 

Elongation factor 1-alpha 1 22.2 22.3 9.0 

Tubulin beta chain 20.3 30.9 4.9 

a b 
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Identification of the composition of the NP-protein complex is crucial for understanding of the 
uptake mechanisms, biodistribution and clearance of NPs and for safety evaluation and biomedical 
applications of these materials (Sund et al., 2011).  
Using a proteomics-based approach coupled with MS analysis, we showed in this PhD thesis that 
specific proteins from different biological models (yeast and Caco-2 cells or human plasma) were 
adsorbed with high affinity to CdS QDs and SiO2 NPs. Considering the relationship between NP 
adsorption and the enzyme activity inhibition (Gheshlaghi et al., 2008; Wangoo et al., 2008a; Nel et 

al., 2009; Deng et al., 2011; Yoo et al., 2011; Shannahan et al. 2014), the identification of essential 
cellular proteins prone to adsorption may contribute to a better understanding of the potential 
toxicological effects of NPs. 

Surface charge of the NPs is a crucial factor in determining the protein corona composition 
and consequentially its eventual fate in a biological system (Gessner et al., 2002; Lynch and 

Dawson, 2008). In fact, yeast and human proteins identified in CdS QD-coronas have a net negative 
charge at physiological pH; in contrast, proteins adborbed to negatively charged silica NPs exhibit a 
net positive charge and a significantly high frequency of Lys and/or Arg residues in NP surface. 
Indeed, electrostatic interactions can mediate the NP interaction with different cellular proteins in 
both cases. 

A high frequency of long DRs were observed in protein sequences of human-derived 
coronas of both NPs and yeast corona of silica NPs, suggesting that these regions may favor 
interactions and adsorption with these materials. These regions are characteristic of Intrinsically 
Unstructured Proteins (IUPs), entire proteins or large segments of proteins that lack a well-
structured three-dimensional fold (Wright and Dyson, 1999). IUPs are highly abundant in nature 
and are involved in processes such as transcription, translation, folding, signal transduction and cell-
cycle control; the presence of DRs is crucial for their function (Bychkova et al., 1996; Daughdrill et 

al., 1997; Riek et al., 1996, Uversky et al., 1996). Notably, proteins involved in these processes are 
identified in the hard coronas of both NPs. It is possible that proteins that contain long DRs, having 
a more flexible structure, can be adsorbed with a high affinity to these NPs; DRs may act as binding 
sites and allow a better formation of electrostatic interactions with charged NP surface. 

Several proteins showing a high affinity for both CdS QDs and silica NPs are nuclear (as 
histones) or cytosolic (e.g., cytoskeletal) components and it is possible that an alteration in cellular 
pathways in which they are involved can cause the toxicity of these NPs. Access to the cytosol and 
nucleus is somewhat limited as the process of NPs translocation into the cells that generally 
involves the formation of vesicles (Saptarshi et al., 2013). Some NPs can be found in the cytosol or 
nucleus (Chen and Mikecz, 2005; Nabiev et al., 2007; Singh et al., 2009) and it would be enough for 
these NPs to bind, with very high affinity, low abundant essential proteins to induce important 
cellular effects. 

Incubation of CdS QDs with human plasma resulted in the formation of NP-biomolecular 
corona enriched with complement factors and proteins involved in clotting process. A similar subset 
of plasma proteins has been shown to be adsorbed on various ENMs (as silica NPs) in different 
amounts when incubated in human plasma, but it was observed  a different physiological impact 
(negative or positive) depending on ENMs (Monopoli et al 2012; Tenzer et al., 2011; Tenzer et al., 

2013). For example, binding of complement proteins to NPs can activate complement processes that 
eventually cause inflammation (Qu et al., 2012). Inflammation has been shown to directly cause 
toxicity and promote cell death and NPs may be designed to avoid such immune toxicity to improve 
their safety.  

Our results demonstrated by using independent experimental methods that the protein 
adsorption can mediate CdS QD-induced toxicity in yeast cells. We observed a general 
transcriptional up-regulation of genes coding for yeast corona proteins; this effect could represent a 
cellular mechanism in response to “physical sequestration” of the corona proteins adsorbed on CdS 
QD surface. Whereas the cellular levels of the corona proteins can be reduced by the absorption to 
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the NPs, an increase of the transcriptional levels of the genes coding for these proteins could be 
important for cell survival. Notably, CDC19, the most up-regulated gene, codes for an essential 
protein (pyruvate kinase) involved in glycolysis process.  

CdS QDs strongly reduced the abundance of several yeast corona proteins. It is possible that 
the  hard corona formation could lead to a reduction of the cellular levels of the involved proteins; 
as observed also in the corona of silica NPs, most of the identified proteins are translation 
elongation factors and it is possible that the adsorption of these proteins on the NP surface may lead 
to their functional inactivation which might cause a reduction of the translational levels of other 
proteins. Notably, silica NPs can inhibit protein synthesis in vitro (Klein et al., 2016).  

Yeast mutant strains deleted in genes coding for corona proteins showed a tolerant 
phenotype also in presence of concentrations of CdS QDs that suppress the viability of the wild-
type strain. Tolerant phenotype of these mutants suggest that the formation of protein corona may 
mediate the cytotoxicity of CdS QDs in yeast. In these conditions,                                                                                                          
NPs could induce the exposure of protein epitopes on their surface in an aberrant conformation or 
the formation of the protein corona could promote the binding of NPs with other cellular 
components, causing an increased toxicity. The adsorption of proteins on the NP surface can induce 
protein denaturation and we observed a dose-dependent inhibition of the activity of the yeast 
GAPDH by CdS QDs. A critical cysteine residue in the active site (Smith et al., 1979) was 
supposed to be the target for QD-binding (Ghosh et al, 2014).  

Notably, we observed here a time- and dose-dependent toxicity for the CdS QDs in yeast 
cells, but a lower toxicity in Caco-2 cell line and this suggests a lower uptake of QDs in these cells. 
In contrast, exposure even to high doses (2 g/mL) of larger silica NPs (> 100 nm) under identical 
experimental conditions have less impact on the yeast cell vitality and a similar effect is observed in 
Caco-2 cell line. Previous studies reported a toxicity-dependent on the particle size of NPs in 
different cell models (Napierska  et al., 2009; Park  et al. 2011; Ma  et al. 2014) and it was 
postulated that the smaller particles always affected the exposed cells faster and at a lower dose. 

Our preliminary results obtained with other human cell lines (data not shown) displayed that 
CdS QDs and silica NPs strongly reduce the viability of human monocytic cell line (THP-1) and we 
are just now characterizing the proteins that form the respective hard coronas. It will be interesting 
to see if the identified proteins belong to the same functional classes and whether the corona 
formation can mediate the NP toxicity in these cells, as observed in S. cerevisiae. 

In conclusion, it is conceivable to speculate that, depending on the type of ENMs, the 
formation of a biologically active protein corona may change the physico-chemical properties of the 
NPs and these effects will ultimately be relevant for nano–bio responses. In prospect, the protein 
corona formation can be used to deliver drugs in the body, including the treatment of cancer. 
Clearly, the analysis of the NP corona alone is not a generally applicable predictive parameter for 
nanotoxicity. In vivo context, NPs do not reach alveolar or intestinal cells as naked NPs but covered 
with mucus proteins and surfactants that have been encountered on their route to the interior of the 
cells. Adsorption of cellular proteins on such "pre-coated NPs" can be different from the in vitro 
assay using naked NPs described in this work. Further developments, using pre-coated NPs with 
surfactants and mucus proteins, are required to test this approach for toxicological studies and 
resolve the mechanisms and (patho)biological effects of ENMs in vivo. 
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