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Thesis Objectives and Overview 

 

 

This work has been developed within the Pandora project, a European Training Network (ETN) 

funded in the framework of H2020 Marie Skłodowska Curie ITN programme and within the 

doctorate in Materials Science at the Autonomous University of Barcelona (UAB). 

  

The increasing production of engineered Nanoparticles (NPs) will inevitably lead to an increase of 

human and environmental exposition to these materials. Consequently reasonable concerns have 

arisen regarding their potential safety risks, giving rise to the nanotoxicology/nanosafety discipline. 

Because of the high reactivity, NPs exposed to different biological and environmental scenarios, 

tend to reach a more stable thermodynamic state via aggregation, interaction with the molecules 

present in the environment, adsorption to macro-organic matter, chemical transformations and 

dissolution [1]. All these transformations can generate a new identity of the nano-objects or produce 

new chemical entities, thereby changing their behaviour and consequently their potential associated 

risk. Thus, the same NPs can have a totally different fate and consequently a totally different impact 

on living organisms and the environment depending on the microenvironment (e.g., the exposure 

medium) in which they are [2]. Furthermore, the pristine features of nano-material highly influence 

their biological and environmental fate. From this perspective, it becomes fundamental to 

understand the characteristics of the final object that will encounter living organisms and analyze its 

properties, in order to correlate the pristine and final NP features with the potential effects on living 

organisms [3]. 

In this context, the focus of this thesis has been on the physicochemical transformation of model 

NPs exposed to biological and environmental media. For these studies, Au and Ag NPs were chosen 

as they are widely used NP models and because of their numerous applications. Firstly, the study 

focused on the influence of the cell culture media composition on the protein corona (PC) formation 

process, final composition and NPs aggregation state and the consequent effects on NP cell uptake. 

A physicochemical characterization of the nature of the CTAB - Au NP bilayer was also carried out 

to study the impact of this widely used NP surface coating on the particle's exposition to biological 

fluids, on the formation of the protein corona and on the design and interpretation of NP toxicity 



T h e s i s  O b j e c t i v e s  a n d  O v e r v i e w  

 

10 

 

tests. Finally, the NP evolution in natural fresh water was explored by carrying out a study of the 

interaction nature of NPs and natural organic matter and the deriving NP features.  

 

Chapters Abstract:  

 

Chapter 1 – Introduction 

 

This chapter contains a general introduction to the aims and context of this dissertation, followed by 

a general overview on Au NPs as a good model to study NP evolution in biological and 

environmental scenarios as well as an introduction to the optical properties of Au NPs as powerful 

characterization tools. Finally, in this chapter, an introduction on the biological role of the 

nanoparticles protein corona and its formation mechanisms is presented along with an extract of the 

review article that we published in Seminar in Immunology entitled “Formation of the protein 

corona: the interface between nanoparticles and the immune system” 
1
  

 

 

Chapter 2 - Role of Several Common Cell Culture Media Supplements on the Nanoparticle Protein 

Corona Formation and Aggregation State, and the Consequent Impact on Cellular uptake. 

 

Sodium citrate-stabilized gold nanoparticles are destabilized when dispersed in cell culture media. 

This may lead to their aggregation and posterior sedimentation or, in the right conditions, their 

interaction with proteins leads to the formation of a nanoparticle protein corona. Cell culture media 

are ionic solutions which contain nutrient growth substances and are normally supplemented, in 

addition to serum, with different substances such as dyes, antioxidants and antibiotics. In this study, 

the impact of phenol red, penicillin-streptomycin, L-glutamine and β-mercaptoethanol on the 

formation of the nanoparticle protein corona was investigated and a similar protein corona was 

obtained except when the antibiotics were present. In this condition, the protein corona took more 

time to be formed and its density and composition were altered as UV-Vis spectroscopy, Z 

potential, dynamic light scattering and liquid chromatography-mass spectrometry analysis 

                                                 
1
 Barbero, F.; Russo, L.; Vitali, M.; Piella, J.; Salvo, I.; Borrajo, M. L.; Busquets-Fité, M.; 

Grandori, R.; Bastús, N. G.; Casals, E. In Formation of the Protein Corona: The Interface between 

Nanoparticles and the Immune System, Seminars in immunology, Elsevier: 2017. 

https://doi.org/10.1016/j.smim.2017.10.001 

 

https://doi.org/10.1016/j.smim.2017.10.001
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indicated. Furthermore, the antibiotics tended to increase the destabilizing/aggregating properties of 

the cell culture media, and accordingly, a comparison of protein-stabilized NPs aggregates was 

observed. As a consequence of these results, a significantly different AuNPs cellular uptake was 

measured. A study of the impact of the NP aggregation state on cell uptake was carried out, 

showing that as the NP aggregates dimension increased the cellular uptake also increased. NP 

uptake studies performed in presence of a clathrin-mediated endocytosis inhibitor showed that 

receptors were not involved in the internalization mechanism. These results suggested that rather 

than the different coronas observed, the NPs aggregation state was responsible for NP cell uptake 

increase.  

 

 

Chapter 3 - Dynamic Equilibrium in the CTAB - Au Nanoparticle Bilayer, and the Consequent 

Impact on the Formation of the Nanoparticle Protein Corona.  

 

Nanoparticles in ionic solutions are usually surrounded by stabilizing molecules that avoid 

aggregation and determine their surface properties, which strongly influence their behavior. The 

present work aims to shed light on the static vs dynamic nature of the cetyltrimethylammonium 

bromide (CTAB) bilayer on gold nanoparticles and to understand its effects on nanoparticle 

evolution in biological scenarios. A systematic study of the CTAB bilayer of Au nanorods and 

nanospheres was carried out, exploring the role of excess free surfactant in solution on the surface 

properties of nanoparticles and their colloidal stability. The results indicated the presence of a 

CTAB bilayer in which the external layer was in rapid dynamic equilibrium with the free surfactant 

in solution. The internal surfactant layer of the gold nanospheres was also found to be in dynamic 

equilibrium. Conversely, the gold nanorods had a permanent internal layer. Consequently, the 

CTAB-nanoparticle dispersions always contained free CTAB in excess to maintain the colloidal 

stability of the NPs. In contrast, decreasing the free CTAB concentration resulted in nanoparticle 

aggregation. The impact of the dynamic equilibrium on the exposure of particles to biological fluids 

and on the formation of the nanoparticle protein corona was studied, revealing the different fates of 

the nanoparticles, which depended on the amount of free CTAB in solution. This work has been 

published in Bioconjugate Chemistry 
2
  

                                                 
2
 Barbero, F.; Moriones, O. H.; Bastus, N. G.; Puntes, V., (2019) Dynamic Equilibrium in the 

Cetyltrimethylammonium Bromide-Au Nanoparticle Bilayer, and the Consequent Impact on the 

Formation of the Nanoparticle Protein Corona. Bioconjug Chem. 

https://doi.org/10.1021/acs.bioconjchem.9b00624  

https://doi.org/10.1021/acs.bioconjchem.9b00624
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Chapter 4 - Mechanistic Studies of the Au and Ag Nanoparticle Environmental Corona. 

 

The behaviour of nanomaterials in natural water is one of the crucial points to understand the risks 

associated with their exposition to the environment, in particular the interaction and adsorption of 

dissolved organic matter and nanoparticles. In this contribution, a physicochemical characterization 

of the interaction of Au and Ag nanoparticles and humic acids, the principal component of natural 

dissolved organic matter, was performed. Results showed a time evolution on the formation of the 

Nanoparticle Environmental Corona, which once formed consisted of a double layer: a “hard” one, 

strongly bound to the nanoparticles surface, and a “soft” one in dynamic equilibrium with free 

humic acids in solution and, consequently, highly dependent on the total organic matter 

concentration. The Environmental Corona presented more or less electro-steric stabilization 

properties depending on the nature of the humic acids, nanoparticles size, concentration of organic 

matter and its ratio with total nanoparticles surface. Interestingly, some of the environmental corona 

prevented Ca
2+

 and Mg
2+

 induced aggregation at the concentrations present in most of the fresh 

water bodies. The humic coating formed on top of the Au and Ag nanoparticles presented similar 

characteristics, but the corrodibility of Ag led to an easy detachment of the corona. The results 

obtained with the humic acids were further confirmed by exposing the nanoparticles to a model of 

natural water and standard mud (LUFA 2.2 dispersion). In the latter case, after several days, 

nanoparticles sedimentation was observed and attributed to interactions with the macro organic and 

inorganic matter.  
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Chapter 1  

 

Introduction 

 

Implication of Nanoparticles Life Cycle on the Interaction with Living 

Organisms and on Nanosafety Studies. 

 

In the last twenty years, there has been an important growth in the research, development and 

production of engineered nanoparticles (NPs). Emerging physical and chemical properties are 

displayed when materials are down-sized to the nanoscale, conferring them new and unique 

behaviours. Depending on their nature (e.g. composition, size, shape, surface state), these materials 

have remarkable optical, magnetic, electrical, catalytic, structural and chemical properties, which 

have been exploited in many different sectors such as industrial manufacturing, automotive, food 

additives, pigments, agricultural, pharmaceutical and biomedical fields [1-4]. It is estimated that the 

global market for nanomaterials in 2014 had risen  from 300,000 to 1.6 million tons, with a 

prevision to reach 3.5 million tons in 2020 [5]. Nano SiO2, TiO2 and ZnO have been the most 

produced [5]. To a lesser extent, the production of  other nanomaterials such as nano CeO2 and 

CuO,  increased from 880 to 1400 and 290 to 570 tons, respectively and metal NPs, especially silver 

and gold, from135 to 420 and 1 to 3 tons, respectively. The increasing production of NPs will 

inevitably lead to an increase of human and environmental exposition to these materials and  

consequently, concerns have arisen regarding their potential safety risks, giving rise to the 

nanotoxicology/nanosafety discipline. These properties of NPs, have been exploited or developed 

for  biomedical applications, such as the ability to interact with molecular and cellular processes, to 

pass through biological barriers, to deliver drugs to target specific organs, to persist in the 

circulatory system, to catalyze reactions, to avoid immune recognition and to act as vaccine 

adjuvant [6-12]. While these applications offer great promise to provide scientific and technological 

breakthroughs, they  may also lead to unexpected biological effects not anticipated from materials 
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of the same composition in the bulk form [13-15]. In this regard, it is important to highlight that 

NPs existed before nanotechnology and have always being part of our environment (e.g. geogenic 

origin: volcanic ashes, mineral NPs and nanominerals; biogenic origin: lipoprotein, ferritin, viruses; 

unintended and unnoticed anthropogenic origin: from household fire smoke to church stained glass) 

[16]. In fact,, rather than being invented, NPs have  been discovered and engineered [16]. 

Therefore, life forms have always had to deal with nanomaterials and the development of their 

immune systems have also been shaped by the interaction with these nano-objects [17]. However, 

besides unknown hazards from “natural” NPs, novel toxicity arising from engineered NPs may 

originate from the unprecedented availability and quantity of specific nanomaterials or from new 

combinations of size, shape, surface state and coating, and chemical composition at the nanoscale. 

Furthermore, it is important to take into account that due to the characteristic large surface area, the 

low coordination of atoms at the surface and their colloidal nature, NPs present a really high 

reactivity. This  high reactivity leads to NPs having a more stable thermodynamic state via 

aggregation (escaping from nanoscale), interaction with the molecules present in their environment, 

adsorption to macro organic matter, chemical transformations and particle corrosion and dissolution 

[18]. All these transformations can generate a new identity of the nano-objects or produce new 

chemical entities (e.g. reactive metal ions) transforming their behaviour and creating a potential 

associated risk. Therefore, a very important aspect of nanosafety is to understand the NPs full life 

cycle, to model their chemical and physical evolutions and to be able to predict the possible route of 

human and environmental exposure and quantities of NPs released into the environment. The same 

particle can have a totally different fate and consequently a totally different safety hazard depending 

on its original state (e.g. in powder or in solution); its application and the consequent change of 

chemical environment (e.g. the type of ageing to which it is subjected); where it is released into the 

environment and if it is subjected to waste treatment procedures [19-22]. An abundance of studies 

have been published on the physicochemical transformation of NPs due to their exposure to aquatic 

and terrestrial scenarios, correlating the environments and particle properties with the observed 

changes [23-26]. Countless studies have been performed on the important scenario of the interaction 

of NPs and biological fluids, which often withstands the formation of a Protein Corona (PC) 

enveloping the NPs. The PC provides the biological identity of the NPs that come into contact with 

a living organism mediating the interactions with cells and biological barriers, and consequently the 

PC has important implications on nanotoxicology besides on the application of NPs in medicine 

[27-34]. The state of NPs needs to be extensively characterized with high precision during the 

whole exposure event and it is very important to take into account all the above described aspects 

when model toxicology experiments are designed and the data are analyzed and compared. 



I n t r o d u c t i o n   

 

15 

 

Additionally, careful controls must be performed in order to avoid artifacts due to the presence of 

chemicals often used to stabilize the particles [35] or to the possible presence of contaminants such 

as bacterial lipopolysaccharide (LPS) that can totally falsify an immune assay [36]. For these 

reasons, it is very important to continue probing the safety of nano-objects, producing scientific data 

that present: (i) the NPs' “physicochemical ID” (composition, size, shape, crystalline structure, 

surface chemistry, surface area, aggregation state and dispersion media), (ii) the exposure protocol 

and the description of the NPs time evolution in the used media (e.g. cell culture media, soil and sea 

water), (iii) doses used and times of exposure. This information is needed in order to produce 

reliable data for regulatory bodies and for responsible research and development of such 

outstanding materials. Indeed, the above parameters are already requested to prepare a registration 

dossier under the REACH regulation on nanomaterials [37, 38].  

 

 

Au Nanoparticles: an Excellent Model  

 

For this thesis, Au NPs were used as a case study because as they are a widely used NP model [39] 

and because of their numerous applications. Au NPs are interesting nano-materials due to their 

numerous outstanding optical, electromagnetic, photothermal, structural and chemical properties 

[40, 41] which are employed and are being developed for a wide variety of applications including 

catalysis [42], sensing [43], photovoltaic [44] and biomedicine [40]. Au NPs are also the object of 

research and development in the nanomedicine fields of delivery, diagnostics, and therapy [40, 41].  

Furthermore, Ag NPs were chosen as corrodible NPs model not only because of their widespread 

use as bactericidal since the beginning of the twentieth entury [21] but also because they are one of 

the most commonly used engineered nanomaterial in consumer products [20].  

Au NPs are also an excellent model nano-material to study NP evolution in biological and 

environmental scenarios and the potential effect on living species due to their high unreactivity and 

the possibility of finely tuning their size and shape and to easily functionalize their surface [27, 45-

48]. Additionally, the ability to synthesize high monodisperse Au NPs permits observing small 

modification of the physicochemical properties and a fine characterization of the nano-system, 

which allows precise correlation of the pristine and final NP features and their effects on living 

organisms.  

Furthermore, due to their properties, Au NPs can be characterized with a wide variety of techniques 

allowing a comprehensive study of NP behaviour in complex biological and environmental 
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scenarios [27, 49]. In this work, the analytic techniques most commonly used were UV-vis 

spectroscopy, Dynamic Light Scattering (DLS), Z potential and Scanning Transmission Electron 

Microscopy (STEM) analysis. This combination of characterization techniques provides a 

remarkably robust analysis of the interaction between molecules/macromolecules and NPs in the 

colloidal state, and allows investigation of  shape, dimension, surface and aggregation state of the 

particles. Furthermore  ICP-MS technique were used to quantify Au content in biological and 

environmental samples, thanks to the rare abundance of this noble metal in nature. 

In this work, Au NPs optical properties were extensively exploited as powerful characterization 

tools [39]. Due to their small size, quantum confinement effects induce great diversity in the optical 

properties of Au NPs with the emergence of localized surface plasmon resonance (LSPR) modes 

which, depending on their morphology, determine their absorption spectra in the ultra-violet (UV), 

visible (vis) and near infrared (NIR), as well as a number of other optical features [50]. LSPR is the 

collective oscillation of the metallic surface electrons, highly sensitive to the NP environment [51, 

52].  

The optical extinction of Au NPs is composed of the absorption and scattering contribution. As NP 

size increases, both the absorption and scattering quantum yield rapidly increase (Figure 3F) [53, 

54]. The extinction band for Au NPs smaller than c.a. 40 nm is predominantly caused by absorption. 

As the NP dimension becomes larger, scattering begins to contribute to the total extinction (Figure 

3F) [55].  

The LSPR profile and maximum position strictly depend on the size (Figure 3A), shape (Figure 3B) 

and material of the NPs, as well as the refractive index (RI) of the solvent. Moreover, local RI 

changes, such as those induced by NP stabilizing-molecule exchange or bio-molecule interactions at 

the surface of the NPs, produce a shift of the LSPR. Red-shifts are observed in the case of a RI 

increase around metal while a decrease of RI produces a blue-shift [39] (Figure 3C). Since the 

LPSR spectral position is highly dependent on the size of the Au NPs, the monodispersity of the 

NPs affect the shape, symmetry and the position of the LSPR peak, i.e. the absorbance curve of a 

polydisperse samples is the combination of the different spectra [54].  

In the case of NP aggregation, considerable UV-vis spectral changes are observed, ascribable to the 

inter-particle plasmon coupling (Figure 3 D). In most cases, the resonance peak of two metal NPs 

red-shifts and/or produces the comparison of a second peak at higher wavelengths [39]. In general, 

for two Au NPs, changes in the resonance peak is observed when the inter-particle separation 

distance decreases below the particle diameter, the aggregation-derived UV-vis profile depends on 

the distance between Au NPs within the NPs aggregate, i.e. if the particles are in direct contact with 

each other or are separated, for example, by organic layers [56] (Figure 3E).   
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Thus, the high sensitivity of the LSPR to NP modification, widely used in several applications (e.g. 

bio-sensing), can be exploited as characterization tools to study surface modifications and 

aggregation states of Au NPs in complex media, two of the main aspects that can influence the NP 

biological and environmental fate (e.g. pharmacokinetics; environmental transport and persistence) 

and the interaction with living organisms. 
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Figure 1 Au NPs optical properties overview. (A) Size dependence of the LSPR spectral position. UV-vis spectra and 

STEM images of quasi-spherical Au NPs of 10.6 (black), 26.4 (red), 42.4 (green) and 50.9 nm (blue). (B) Shape 

dependence of the LSPR spectral profile. UV-vis spectra and STEM images of Au nano-spheres (red), Au nano-rods 

(green) and Au nano-stars (blue). (C) Influence of the local refractive index on the LSPR spectral position. UV-vis 

spectra of Au nano-spheres with different surfaces. Similar effect can be observed changing the medium in which the 

NPs are dispersed if the new medium present a different refractive index. (D) Au NP aggregation-derived LSPR 

spectral change. Time evolution of UV-vis spectra of electrostatically-stabilized Au nano-spheres exposed to NaCl: the 
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electrolytes mask the surface charges; accordingly, decrease of the NP repulsive force occur, leading to NPs 

aggregation. (E) Red shift of the extinction cross-section of a pair of 20nm gold spheres (upper panel) and ellipsoids 

with aspect 

ratio 2 (lower panel) as the separation distance between them is reduced (calculations based on the boundary element 

method). (F) Size tunability of absorption and scattering from Au nanoparticles. Mie theory absorption red ashed 

curve), scattering (black dotted curve) and extinction (green solid curve) spectra of spherical Au nanoparticles of 

diameter (I) 20 nm, (II) 40 nm, and (III) 80 nm. Spectra are shown in terms of efficiency, i.e., the ratio of the calculated 

optical crosssection of the nanoparticle to the geometrical cross-section (IV). Ratio of scattering to absorption as a 

function of Au nanosphere diameter. (E) ref [39] Copyright © 2009 Elsevier Ltd; (F) ref [55] Copyright © 2006 

American Chemical Society. 

 

 

Formation of the Protein Corona: The Interface between 

Nanoparticles and the Immune System 1 

 

 

Immunonanosafety 

 

As discussed, the potential biological impact of engineered NPs are not only determined by the 

physicochemical properties of the NPs per se, but also on the interactions of these NPs with the 

immediate surrounding biological environments. In this sense, to assess the impact of engineered 

NPs on the immune and defensive responses of organisms is especially important. Immunity is a 

major mechanism for the survival and fitness of practically all living organisms. The particulate 

nature of NPs dictates a preferential interaction with cells of the immune system deputed to 

recognition and elimination of foreign particulate matter [13]. It is therefore of key importance that, 

even for NPs that are non-toxic according to regulatory approved standard assays (i.e., unable to kill 

cells or organisms), additional evaluations of their interaction with the immune system are 

performed [57]. It is the importance of defensive mechanisms (that ensure survival but also physical 

fitness and consequently reproductive capacity) where resides the need of assessing the effects of 

                                                 
1
 The following section is an extract of the review article published in Seminar in Immunology: 

Barbero, F.; Russo, L.; Vitali, M.; Piella, J.; Salvo, I.; Borrajo, M. L.; Busquets-Fité, M.; Grandori, 

R.; Bastús, N. G.; Casals, E. In Formation of the Protein Corona: The Interface between 

Nanoparticles and the Immune System, Seminars in immunology, Elsevier: 2017. 

https://doi.org/10.1016/j.smim.2017.10.001 

 

https://doi.org/10.1016/j.smim.2017.10.001
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NPs on the immune response not only in humans but also environmental organisms. Thus, the 

immunosafety of NPs is a major issue for human health, because of the possibility that NPs, even if 

not directly toxic, may alter the functionality of immune cells, thereby posing significant health 

risks [58]. Importantly, defensive immune responses are present in practically all living organisms 

and some of the basic mechanisms are remarkably conserved throughout evolution, in particular 

those of the so-called “innate” immune system [17, 59, 60]. The highly conserved system of innate 

immunity deserves special attention here since it has been observed to be the one responsible for 

managing exposure to nanoparticulate matter [57]. Phylogenetically ancient, innate immunity 

allows the host to differentiate self from pathogen. It provides a sophisticated first line of defence 

against infections and initiates a protective inflammatory response within minutes [61]. In the case 

that an intruding object is not eliminated, the innate immune response precedes and empowers the 

adaptive immune response. As innate immunity is the rapid and non-specific defence system that 

reacts to and eliminates foreign materials that enter the body (infectious microorganisms, dusts and 

particles), it is reasonable to think that it will also react accordingly with NPs [13, 62]. Whether NPs 

may induce an anomalous innate reaction or interfere with a protective reaction (e.g., against an 

infectious agent) is an issue of high relevance for predicting a nano-risk. The key feature of innate 

immune cells that enables them to detect and categorize infection seems to be their repertoire of 

Pattern-recognition receptors, such as the human Toll-like receptors, which are practically identical 

to invertebrate receptors and to the pathogen receptors found in plant cells. These receptors bind 

certain general types of molecules and particular molecular patterns absent in healthy self cells that 

are expressed across broad classes of pathogens [61], enabling the innate immune system to induce, 

when needed, an appropriate response [21]. 

 

 

The Mechanisms of Nanoparticle Interaction with Physiological Media 

 

Nanoparticles Homo- vs Hetero-aggregation 

 

Large surface area and low coordination of atoms at the NP surface determines the high energy 

potential of NPs and consequently their behaviour and reactivity profiles. This applies to both the 

use of the NPs as catalyst (such as small Pt for fuel cells) [63, 64] or as a reagent (such as zero-

valent iron for environmental remediation) [65]. Due to their higher percentage of surface atoms 

and their colloidal nature, once being brought into contact with a physiological medium, NPs 
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experience processes that transform them towards more stable thermodynamic states [18, 45], 

including aggregation, corrosion, dissolution and interaction with media proteins. Indeed, it is 

common to observe that at the same time, as NPs become unstable in the biological media they 

corrode while aggregate and are coated by proteins, what in turn stabilize them against aggregation 

and sedimentation (Fig. 2) [66]. When salinity is increased (Fig. 2a), the screening of electrostatic 

repulsion by adsorbed salt ions causes fast homo-aggregation between NPs. When proteins are 

present in the medium (Fig. 2b), they provide a stabilizing electro-steric effect upon adsorption 

(hetero-aggregation) on NPs: this effect can prevent particles from precipitation only if a sufficient 

concentration of proteins is available. Later on, NPs may undergo chemicals transformations that 

lead to their dissolution (Fig. 1c), the third mechanism able to further lower NP colloidal stability, 

where electrolyte ions (together with dissolved oxygen and/or helped by acidic environments) start 

oxidizing surface atoms. The kinetics of these three separate but often co-existing processes are 

strongly influenced by the respective concentrations of the causing chemical agents. Indeed, 

proteins in solution have to be at much higher concentration than NPs in order to avoid NP 

aggregation when dispersed in media of high ionic strength as physiological media, indicating the 

stronger tendency of NPs for homo-aggregation than hetero-aggregation [28]. These coupled 

processes are mediated by the different interactions between the NPs and components of the 

biological medium in which they are exposed, and ultimately determine the nature of the nano-bio 

interface [18, 67-72]. Remarkably, small modifications on the nature of the conjugate and the 

dispersing media have a strong influence on conjugate interactions and consequently different 

biological behavior and fate [73]. Since NPs can be produced with different functional groups on 

their surface, by modifications of NP’s surface coating, charge and hydrophobicity, their reactivity 

can be modified altering its interactions with the biological surroundings [74].  
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Figure 2 Colloidal and Chemical Stability of NPs. a) Homo-aggregation induced by high ionic concentration; b) Hetero-

aggregation between NPs and proteins at different concentrationrates; c) chemical degradation, corrosion and 

dissolution of NPs incubated longer incubation times in physiological media. 

 

Proteins-Nanoparticle Interactions: the Formation of the Protein Corona 

 

From the NP point of view, the different interactions can cause phase transformations, particle 

aggregation, surface reconstruction and dissolution. All of these processes having a significant 

influence on their reactivity, bioavailability and pharmacokinetics [62], affecting their persistence 

and ultimately leading to (immuno)toxic effects [68, 75-77]. For example, extracellular 

agglomeration of NPs, or the agglomeration occurring prior or during exposure to in vitro or in vivo 

models has a significant impact on the observed biological effects and conclusions about their size-

dependent (immuno)toxicity [78, 79]. In this regard, one interesting trend found was that in the 

majority of NPs tested, the addition of serum to the cell culture media (CCM) helped to mitigate the 

tendency and effects of NP agglomeration [27, 80]. The reason for that was that proteins present in 

serum did stabilize the NPs against aggregation [27, 70]. From biomolecules point of view, these 

interactions may lead to the opsonization, formation of Protein Coronas (PCs) of a different nature 

[27, 28, 81] (the so-called Soft and Hard corona), denaturation of proteins [82], and the formation of 

NP-protein complexes [28], which inevitably provide them with a new biological identity [83, 84], 

eventually promoting the activation of signalling pathways [85-87] and ultimately determining their 

physiological response and toxicity [88, 89]. The impact of the PC on cytotoxicity, and 

immunotoxicity has been widely studied [32, 74, 88-91]. One interesting example is the 

immunogenic epitope generation, i.e., a deformation of the protein tertiary structure (promoted by 
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the interaction with the curved NP surface) that can induce protein aggregation or make self-

proteins immunogenic, thereby inducing autoimmune reactions [92, 93] or that antigens can be 

absorbed on to NPs becoming more immunogenic [94]. In addition, opsonins and proteins of the 

complement system are able to recognize proteins adsorbed on the surface of the NP or to directly 

attach to the NP surface, triggering an immune response [12]. Among the innate effector molecules 

(antimicrobial peptides, degrading enzymes, complement agents) complement proteins have been 

identified as subject of research given the high affinity of NPs for proteins [88]. The complement 

system consists on a tightly regulated network of inactivated proteins that when absorbed into a 

surface get activated [95], inducing a sequential cascade of reactions which generate proteolytic 

enzymes in each step. Literature reports several studies focused on understanding the 

immunological response that leads to complement system activation when exposed to different 

types of NPs, including superparamagnetic iron oxide [96, 97] and gold NPs [98].  

In order to understand the interaction between inorganic NPs and biological fluids, it is worth to 

study the most important factors that define the relationships between biological fluids and 

inorganic solid surfaces. Hydrophobicity and surface charge have historically been the factors taken 

into account to describe the process of protein adsorption to surfaces. This was illustrated in the 

work of Prime and Whitesides [99] using self-assembled monolayers (SAMs) supported onto gold 

films. Those SAMs consisted on alkane chains with different terminal groups, that provide different 

hydrophobicity, and the more hydrophobic the conjugate the greater the degree of adsorption. Also 

the global charge of the protein can drive its adsorption. A higher adsorption of positively charged 

proteins onto negatively charged polystyrene surfaces and vice versa was observed by Norde and 

Lyklema [100]. Several examples of the role of surface charge and hydrophobicity on the protein 

adsorption process to surfaces and NPs can be found in the literature [101]. Undoubtedly, the 

mechanism by which proteins stick to surfaces are principally hydrophobic and electrostatic 

interactions, and hydrogen bonds, all of them weak interactions. Over recent decades, many studies 

of interface phenomena involving proteins have identified their adsorption to surfaces as an 

irreversible process (hence, the failure in fitting protein adsorption data to the Langmuir equation) 

[102]. At first, that proteins are provided with multiple, although weak, anchor points was the 

strongest argument for this irreversibility. Different studies aimed to describe the hardening of the 

protein adsorption process through different mechanisms. Norde and Anusiem [103], for example, 

reported that Bovine Serum Albumin (BSA) that adsorbed to silica surface and later desorbed had 

more affinity for silica surfaces than BSA that had not undergone this process. In a further work 

[104], they suggested that the attachment BSA-silica surface caused an increase in the internal 

entropy of BSA, perhaps a slight modification of its structure, resulting in desorbed BSA being 
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more stable on silica surface than “new” BSA. The work of Nygren and Aleadine [105] showed 

that, contrary to what might be suspected, proteins do not distribute on surfaces randomly. Instead, 

once the first proteins are attached, an initial cluster of proteins forms around, stabilizing them 

(crowding effect), and this mechanism is repeated until the entire surface is filled. These and other 

attempts to explain the irreversibility of this process seem to have in common that the initial 

attachment of a protein to a surface is followed by a series of movements and/or rearrangements to 

make more stable and ultimately irreversible this attachment. Therefore, not only affinities but also 

mechanisms such as molecular relaxation time or spreading depending on the time that proteins 

remain on the surface, have been identified as determining factor in making the adsorption as 

definitive. 

 

Time Evolution: from Soft to Hard Protein Corona 

 

The fact that adsorption of proteins turns irreversible through these time-dependent mechanisms has 

important implications in the case of complex mixtures of proteins such as blood serum, plasma, 

etc. According to the Vroman Effect [106], initially fast exchange proteins with low affinity (i.e. 

proteins that when adsorbed are rapidly desorbed) fail in generating strong attachment to the 

surface, they are not able to stabilize on the surface despite occupying it earlier than slow exchange 

proteins with higher affinity. These higher affinity proteins, despite delayed occupation of the 

surface, are able to stabilize onto it. Thus, the “Soft” corona is formed initially, with more abundant 

and mobile proteins coating the NPs surface, but with weak and dynamic interactions, setting an 

equilibrium between bound and unbound proteins in solution. As time goes by, the adsorption 

equilibrium shifts towards the attachment of proteins with higher affinities for NPs surface, 

modifying the initial corona composition resulting into a “Hard” corona. At the same time, an 

ensemble of thermodynamic stabilizations mechanisms (i.e. conformational rearrangements, 

crowding effects) hardens the proteins layer bringing it to a steady, irreversible minimum energy 

state [28]. This process can be followed through a set of common techniques, namely UV–vis 

Absorption Spectroscopy (UV–vis) and measurements of hydrodynamic radii by Dynamic Light 

Scattering (DLS) and surface charge by ζ-potential. Initially (Fig. 3a), only a weakly bound layer of 

proteins (grey) adsorb on the particle surface, stabilizing the colloid in the saline medium but being 

in dynamic equilibrium with the unbound ones in solution. When the incubation is extended for 

longer times, the corona stabilizes progressively through different mechanisms, leading to the 

stronger attachment of proteins onto the particles surface (black). If purified through centrifugation 

and re-suspension in protein-free physiological media (Fig. 3b), protein-coated NPs display 
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different colloidal stabilities depending on the duration of the incubation time. After short ones, 

loosely bound proteins readily detach from NP surfaces causing them to irreversibly aggregate in 

the saline medium. Colloidal stability increases gradually with longer expositions to proteins, which 

become more and more tightly adsorbed onto NP surfaces and do not get lost with purification. PC 

hardening kinetics strongly depend on each experimental parameter (i.e. NP material, size and 

concentration, protein type and concentration, pH and ionic strength of biological media). For a gas-

like adsorption process, proteins will attach randomly on the surface showing no cooperative 

behavior or surface organization; if cooperativity is present (either positive or negative), proteins 

will reorganize on the particle surface through conformational rearrangements and crowding effects, 

leading to the formations of domains. Consequently, these effects could influence strongly the 

accessibility of functional proteins such as antibodies and enzymes, hindering/enhancing their 

activity [107].  
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Figure 3 The hardening of the Nanoparticle-Protein Corona. (A1) UV–vis, (A2) Dynamic Light Scattering (distribution 

by Intensity), (A3) ζ-potential characterizations of 10 nm AuNP@SC before (Red) and after the exposition to complete 

culture media (CCM+ FBS) at time 0 (Light Gray), 24 h (Gray) and 48 h (Black). (B1) UV–vis, (B2) Dynamic Light 

Scattering (distribution by Intensity), (B3) ζ-potential characterization of the same 10 nm Au NPs solution after 

purification procedure at different time of exposition to the complete CCM. 10 nm AuNP@SC before (Red) and after 

the exposition to complete CCM at time 0 (Light Grey), 1 h (Grey) and 48 h (Black).  
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Implication of the Proteins Conformation 

 

Regarding biological and medical applications, it is important not only the adsorption of proteins 

themselves but also the implications that this adsorption entails for the protein, especially the 

maintenance of its tertiary structure, since biological function depends largely on it. Indeed, the 

crowding effect facilitates the maintenance of the native state of proteins. As noted in the works of 

Norde [108], the size of the adsorbed protein layer was closer to the size of the native protein. This, 

together with the success in methods of immunoassay [109], is an indication that at least a part of 

adsorbed proteins maintain their active structure. On the contrary, other studies observe an 

unfolding of the proteins when adsorbed on a surface but not always followed by aggregation [92]. 

It may happen that the closest model to reality is that surfaces are coated by proteins in a mixture of 

states. The first in adsorbing are more prone to lose their original conformation and denature while 

last ones have no room for denaturation and more easily maintain their native structure. These 

modification may have important effects, as induction of exposure of hydrophobic residues and the 

consequent aggregation; or modifications in how proteins are recognized, employed and processed 

[110-112]. The various characteristic of the NP (material, dimension, surface charge), the different 

nature of the protein involved (primary/secondary/tertiary structure, molecular weight, 

hydrophilicity, melting temperature, number and exposition of disulfide bridge) and the several 

exposure conditions seem to highly influence the possible protein conformational changes. Goy et 

al. [92], after studying the interaction between sodium citrate-coated Au NP of different diameters 

and Human Serum Albumin (HSA) they suggested a decrease of the biomolecule mobility due to a 

small change in the secondary and tertiary structure of the HSA. Interestingly this effect was found 

to increase as the NP curvature decreases. In addition, studying the thermal protein unfolding 

profile, they observed an enhancement of the unfolding temperature when the HSA is adsorbed onto 

the Au NPs, revealing that the observed conformational changes brought a higher resistance to the 

complete thermal denaturation. Under fibrillation conditions they did not observe an increase in the 

HSA amyloid-like fibrils formation when NPs were present, seeming instead that Au NP smaller 

than 40 nm reduced the fibrils formation, and this effect was ascribed to the enhanced stability of 

the bound proteins. Conversely, Zhang et al. [93], investigating the interaction of sodium citrate-

coated 90 nm Au NP with lysozyme, showed that the protein forming the PC were partially 

unfolded with a partial dissociation of the disulfide bonds bringing to an Au-S coordinate covalent 

bonding, not detected in previous works. In here, in the presence of NPs and in a not fibrillation 

conditions, they observed a formation of extended, amorphous protein-NP assemblies and also large 

protein aggregates not containing NPs. This process was attributed to the NP colloidal 
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destabilization and aggregation. The comparison of these two studies shows how several NP-protein 

exposure conditions with different proteins (Lysozyme, 15 kDa protein with only 4 S-S bonds, and 

the large HSA 67 kDa with over 17 disulfide bonds) can bring to distinct proteins conformational 

changes and consequently modify the NP properties and behaviours.  

 

Protein Corona Composition vs Nanoparticle Features  

 

At this point, to know which is the composition of the Hard and Soft PCs depending on material 

and environment is critical. Corona compounds may influence signalling, when extracellular 

proteins arrive inside the cells, or when binding to NPs changes structure or association patterns of 

self-proteins. The effects of different corona compositions on intracellular alarm mechanisms has 

been explored, with the objective of linking the NP bio-shell composition to induction of cellular 

stress and inflammation [113, 114]. It is difficult to draw conclusions on similarities and differences 

between different materials and proteins since experimental conditions have been very different 

inter- and even intra-laboratories (proteins coming from different suppliers, with different 

stabilizers, adsorbed onto NPs with very different surfaces and morphologies, etc). Our group [27], 

dispersing same batch of Fetal Bovine Serum (FBS) proteins in different CCM −consisting on 

DMEM with different supplements- observed the time evolution of the PC in all cases but the PC 

formation rates differed depending on the final complete CCM (CCM + FBS) used. Further, in the 

same study [27], we compared the same DMEM composition with proteins coming from FBS and 

FCS (Fetal Calf Serum) with similar results as previously described: the same pattern of PC 

formation was observed but at different rates.  

We also studied the surface modifications of metal (Au, Ag) and metal oxide (Fe3O4, CeO2 and 

CoO) NPs, with sizes ranging from 7 to 20 nm, dispersed in the same CCM supplemented with 

serum [81]. Results showed that all the tested NPs adsorb proteins onto their surface through the 

hardening process (i.e. evolving towards an irreversible coating). And, despite the fact that the 

studied nanomaterials have similar characteristics in terms of hydrophobicity and surface charge, 

different temporal patterns of the PC formation were found. In the case of metal NPs, two days 

were enough to stabilize the Hard corona, while up to one month was needed in the case of metal 

oxide NPs. This finding is of special relevance since different interactions between NPs and 

biological systems take place at different time scales (e.g: removal from the blood stream may be a 

question of minutes and interaction with cells of distant organs may be relevant hours to days after 

exposure [115]). Similarly, biodistribution and residence times in different biological environments 

will affect this NP–protein equilibrium what in turns will determine its biological interaction [90, 
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116]. Also, tightly associated proteins may stay adherent to the particle when the particle is 

endocytosed from the extracellular fluid to an intracellular location, whereas proteins with a fast 

exchange rate will be replaced by intracellular proteins during or after such transfer [117]. Thus, the 

same NPs can give different biological responses depending on portal of entry, history, pre–

incubation in serum, etc., illustrating the importance of characterizing the NP–PC for each 

nanomaterial in a particular biological environment. 

Cedervall et al. [85, 118] evidenced how association and dissociation rate of proteins were affected 

by the NP physicochemical properties as well as by the incubation and purification conditions. At 

the equilibrium, the serum apolipoproteins bond to the copolymer NPs with higher affinity than the 

more abundant albumin and fibrinogen, which probably dominate on the particle surface at short 

times. Monopoli et al. [32], reported that the concentration of many of the highly abundant proteins 

in the PC of different polystyrene NPs (for example apolipoprotein, fibrin and fibrinogen) are 

independent from the NP size and surface charge, and being they are always present at low 

concentrations together with a large amount of other possible different proteins on it (inter-alpha-

trypsin inhibitors, serum albumin, clusterin, and vitronectin). Indeed, rather than NP morphology, 

different plasma concentrations can instead lead to a different Hard corona composition, which 

suggest a progressive selectivity adsorption by affinity [32]. Dobrovolskaia et al. [119], reported 

that the proteins that bind polymeric, iron oxide and Au NPs, and liposomes and carbon nanotubes, 

are mainly albumin, apolipoprotein, immunoglobulins, complement, and fibrinogen, which are the 

most abundantly species in plasma. Tenzer et al. [114] quantitatively determined the time-resolved 

profiles of the human plasma corona formed on silica and polystyrene NPs of various sizes and 

surface functionalizations, observing the rapid formation of a complex and specific corona with 

more than 300 different proteins. The composition of the corona changed only quantitatively with 

the increasing of the incubation time, while the nature of the PC was preserved, contradicting 

Vroman observations [106, 120-122]. Casals et al. studied the time evolution of the NP-PC on 

citrate stabilized Au NPs in complete CCM (DMEM + FBS) revealing that albumin was the most 

abundant component in the Hard corona [27]. Despite initial studies, size has been shown to 

critically influence protein binding to NPs. For example, a denser protein layer has been observed 

on larger copolymer and Au particles compared to the smaller ones [27, 118]. This is in accordance 

with results from Lacerda et al. [123], who found that the strength of citrate-stabilized Au NPs 

interaction with common human blood proteins increased with NP size together with an enhanced 

protein packaging and to more efficient screening of the surface charge in the large particles 

compared to small ones. Other groups have also reported that larger SiO2 and Au NPs with nearly 

flat surfaces tend to induce larger changes on the protein conformation rather than smaller particles, 
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which possess a more curved surfaces [28, 112, 123]. However, aggregation triggered by complete 

protein denaturalization has been rarely observed [109], and the tendency is that proteins remain 

active after adsorption. Other studies found that for copolymer and SiO2 particles with varying 

diameters, the amount of bound protein varied with size and surface curvature, but the total protein 

pattern remained identical [118, 124]. In contrast, other studies using similar polymer, metal and 

metal oxide NPs reported no only significant quantitative but also compositional size dependent 

changes in the obtained fingerprints [112, 114, 119, 125, 126]. A more recent study conducted by 

our group [28] gave a throughout overview of size increase and charge reduction of the PC in 

citrate-stabilized Au NPs of sizes ranging from 3 to 100 nm. The obtained results indicate that 

different NP-biological interactions take places at different timescales, and that PC from smaller 

particles matched with a faster kinetic evolution and thinner/incomplete protein layer. This 

emphasizes that is very difficult to formulate size-dependent rules about protein interactions that 

apply to all types of NPs and conditions. Indeed, the affinity of NPs surfaces for proteins has been 

exploited to biocompatibilize NPs. This is the case of CeO2 NPs pre-albuminized prior their use to 

decrease liver inflammation in fibrotic model rats [127] or the case of superparamagnetic iron oxide 

NPs for biotechnology applications [128]. Otherwise, in the absence of proteins, when the inorganic 

NPs are dispersed in media of high ionic strength, they do irreversibly aggregate and get expulsed 

from the solution phase (Fig. 3). The majority of previous studies regarding protein adsorption have 

been performed on larger and polymeric NPs of few hundreds of nm, whereas less studies have 

addressed NPs in the small size regime (4–40 nm). PC formation studies in the case of inorganic 

NPs smaller than few tens of nm have been done, among others, on metallic NPs (Au [27, 81, 119, 

123], Ag [81] and FePt [129]) metal oxide NPs (SiO2 [73, 90], Fe3O4, CoO and CeO2 [81], TiO2 

[116] and TiO2, SiO2 and ZnO [126]), and Quantum Dots (CdSe [129-131] and CdSe/ZnS [129]). 

These NPs have diameters similar to the proteins found in serum and it has been observed that at 

short incubation times they can easily escape from opsonisation and from the Mononuclear 

Phagocytic System [66, 132, 133].  

 

Conclusions  

 

Summarizing, inorganic NP surfaces have strong affinity for proteins. This strong affinity may 

compensate the destabilization forces that experience colloidal NPs in media of high ionic strength 

and help to stabilize NPs. This interaction is immediate and evolves with time, being the NP-Protein 

construct what the immune system will encounter in its surveillance work. The diversity of 

observed behaviors is broad but smaller than the NP/media variations, indicating that conditions for 
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controlling these interactions exist and that this can be used to determine the safe and therapeutic 

use of NPs. In conclusion, it is clear the critical role of time on the basic mechanisms of NP-protein 

adsorption in complex media. Therefore it is important to develop adapted strategies to tackle the 

challenge of a general characterization and risk evaluation of such complex systems. Given the 

natural instability of colloidal and biological systems, it is needed to develop “good practices” in the 

characterization of such materials where multiple aspects of the sample are analyzed as a function 

of time. For that, it is interesting to couple solid state, analytical chemistry and molecular biology 

techniques and expertise, with the needed new theoretical models to describe the nano-biointerfase, 

especially between biological, organic and inorganic materials.  
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Chapter 2 

 

Role of Several Common Cell Culture Media 

Supplements on the Nanoparticle Protein Corona 

Formation and Aggregation State, and the Consequent 

Impact on Cellular Uptake 

 

 

 

Introduction  

 

The interaction of NPs with biological materials in physiological media, the ability of NPs to absorb 

and get coated with proteins forming a corona [1], resulting into new hybrid objects [2] has spurred 

a tremendous efforts to understand its formation kinetics and nature [3]. This is because what 

ultimately encounters living system and their biological barriers is a hybrid object composed by an 

inorganic core and a protein coating that can form a stable and isolable soluble species. 

Consequently, it has been observed how the interaction with cells strongly depend on the 

composition and density of the proteins coating the NPs [4], their on-NP conformation [5], which 

areas of the proteins are shaded from and exposed to the surrounding environment [6] where 

antibodies, cell receptors and other structures are constantly scanning and checking for the presence 

of determined proteins in the extracellular matrix. 

 

From the NP point of view, when it enters the physiological media, changing the NPs chemical 

environment drives them out of equilibrium and then, evolution towards a more stable 

thermodynamic state, such as aggregation and interaction with macromolecules in the media, occurs 

[7]. The formation of a Protein Corona (PC) enveloping the NPs provides the actual biological 
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identity and consequently, it has important implications on biocompatibility, nanosafety and the use 

of nanoparticles in medicine [8-13].  

 

Nanoparticles PC formation is a time dependent process where an evolution from a loosely attached 

“soft” protein corona towards an irreversible attached “hard” protein corona is observed somehow 

recalling the “Vroman effect” [3, 14]. In the sixties, Leo Vroman has shown how adsorption of 

blood serum proteins to an inorganic surface is time dependent, a hierarchical competitive 

adsorption process where the proteins with higher mobility are the first to reach the surface and are 

subsequently replaced by others with lower mobility but higher affinity for the surface [15-19]. In 

the case of NPs, the main differences are their high curvature surfaces compared to macroscopic 

surfaces as much as the Brownian dispersability of NPs in the proteins solution, while Vroman 

surfaces where immobilized. In addition, crowding effects and re-arrangement of proteins onto the 

surface will lead also to a hardening of the protein corona, without the need of changing 

composition [9].  

 

Due to the necessity to evaluate biological effects of NPs, specially their potential toxicity, many 

studies have been performed on the NPs PC formed in cell culture media supplemented with serum 

(CCM), normally human serum or FBS are used. The formation of this NPs PC depends on both, 

the NPs composition, size, shape and surface state, and the presence of different ions and molecules 

at different concentrations in the incubation media [20]. Thus, most of the studies state have been 

focused on the characteristics, the type and concentration of proteins, while the role of other 

components present in the CCM has not been fully explored. CCM are complex medium composed 

not only of salts and proteins but also of several supplements as vitamins, amino acids, sugars, pH 

indicators dyes, antioxidants and antibiotics. Moreover, different CCMs (i.e. RPMI, DMEM, MEM) 

present a different composition that especially vary in the components and salts concentrations, 

factors that ultimately determine how the water envelop (following Debye length and the 

Hoffmeister series) surrounding NPs and proteins, which determine the NP-molecule interactions 

[21]. Consequently, it has been reported that in determined conditions, while DMEM elicits the 

formation of a large time-dependent protein corona, RPMI shows different dynamics with reduced 

protein coating [22].  

 

In this context, gold nanoparticles (AuNPs), one of the most widely used materials in nanomedicine 

research for delivery, diagnostics, and therapy [23, 24], has also been a model material to study the 

formation of the PC [3], thanks to its surface state and chemical environment dependent plasmonic 
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properties. In the present work we explore the impact of several widely used CCM supplements on 

the formation process of the PC and on the consequent NP-cell interaction.      

 

 

Results and Discussion 

 

Generally, when pristine (sodium citrate) AuNPs and different CCM are mixed, two different 

kinetic processes are competing at the same time: the destabilization/aggregation of the NPs 

promoted by the high ionic strength of the media and the stabilization of the NPs surface against 

aggregation via proteins adsorption [3, 20]. This is so that in the highly ionic physiological media, 

failing to make a PC leads to irreversible aggregation and sedimentation of NPs, what has a 

dramatic impact on biological responses. The absorption kinetics of proteins onto different AuNPs 

have been well described previously indicating how different NPs, and different NP-CCM mixtures, 

follow different hardening processes [25]. The hardening is the PC formation process that start from 

a “soft”, transient, corona where only a weakly bound layer of proteins adsorb on the particles 

surface, stabilizing the colloid in the saline medium but being in dynamic equilibrium with the 

unbound ones in solution evolving in to a “hard” corona where, through different mechanisms, 

proteins form a strong stable bound permanent layer onto the particles surface [3, 14].  

Thus, synthesized AuNPs have been exposed to CCM complemented with each single supplement 

plus a control without supplements, and compared. RPMI medium supplemented with 10% fetal 

bovine serum (FBS) was chosen as CCM. Supplements were added at typical standard 

concentration used in the cell cultures. Four of them have been chosen: Phenol Red (PhR), 

Penicillin/Streptomycin (PS), L-glutamine (GLN), β-mercaptoethanol (BME). PhR is used as pH 

sensitive dye, PS are two antibiotics added to avoid contaminations of bacteria, GLN is a polar 

amino acid and it is used as not-toxic source of nitrogen and as block for producing glutamate [26], 

BME is added to prevent toxic levels of ROS [27].  

 

The evolution of physicochemical properties of AuNPs after exposure to the different media was 

characterized by resolving UV-vis spectroscopy, Zeta potential and dynamic light scattering 

analysis. To analyze the evolution of NPs, the presence of free proteins in the solution can interfere. 

Therefore, purification after exposure, to recover only the NPs and analyze their state, is 

recommendable [3]. Additionally, the purification process gives an indication of the degree of 

protection of the NPs surface against aggregation, since poorly protected NPs do not resuspend after 

the centrifugation test.  
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Characterization of the Au NPs Protein Corona  

 

In the present study highly monodisperse citrate-stabilized gold nanoparticles with a diameter of 

24.0 ± 2.3 nm have been synthesized following reported kinetically controlled seeded-growth 

approaches [28]. Due to it weak interaction with the gold surface [29], citrate is easily replaced by 

more gold-affine molecules such as serum proteins [3]. In Figure 1 bright field STEM images, UV-

vis spectra, DLS and Z potential of the used AuNPs are reported (black dash lines). The high 

monodispersity of the NPs allowed observing small modification of the physicochemical properties 

and finely characterizing the nano-system. Then, these AuNPs, at a concentration of 2.7*10
12

 

NPs/mL, were diluted ten times into the CCM. The samples were purified by centrifugation before 

be measured and resuspended in sodium citrate 2.2mM. In the UV-vis spectra of the AuNPs 

exposed to the CCM, a red-shift of the LSPR peak and an increase of the absorbance (Figure 1B) 

was observed, indicating the formation of a dense dielectric layer onto the NPs surface consistent 

with the dense absorption of proteins on the surface of the particles [3]. DLS evidenced an increase 

in the hydrodynamic size of about 20 nm, consistent with the formation of proteins layer, slightly 

higher at shorter times, attributed to a less colloidal stability of the NPs through the purification 

process at shorter times (Figure 1C). Z potential showed a decrease after the exposition to CCM 

reaching already at the first measurements similar protein values of – 25 mV (at 0.30 mS/cm
2
), 

indication of a serum protein coating of the AuNPs surface. 
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Figure 1. (A) Bright field STEM images of AuNPs. (B-D) Physicochemical characterization of gold nanoparticle 

protein corona formation. (B) UV-vis spectra of AuNPs (black dash line), UV-vis spectra of AuNPs at time 0 and after 

24h of exposition to CCM purified by centrifugation (red solid line); (C) DLS (by intensity) of: AuNPs (black dash 

line) and AuNPs at time 0 and after 24h of exposition to CCM purified by centrifugation (orange and red solid line); (D) 

Z potential of: AuNPs (black dash line); AuNPs at time 0 and after 24h of exposition to CCM purified by centrifugation 

(orange and red solid line) and partially dialyzed (against 2.2mM Na citrate) FBS (green solid line) all the samples 

presented similar pH and conductivity (0.30 ± 0.02 mS/cm
2
).   

 

 

Effects of Supplements on NP Protein Corona Formation 

 

Next, we observed the spectroscopic features of the PC formed in the presence of the different cells 

culture supplements at standard concentrations. In figure 2A and 2B the UV-vis and DLS profiles of 

the PC formation in CCM and CCMs added with, individually, GLN; BME; PhR (2mM; 50 μM; 

44.8 μM) are reported. Interestingly the presence of the above supplements did not apparently 

influence the formation of the PC. All of them showed spectral features and hydrodynamic 

diameters very similar to the non-added media, furthermore indicating a high robustness and 

reproducibility of the applied procedure. However, a clear different behavior was observed in the 
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presence of PS (Figure 2C). When the PS was present at 1% (~ 170 μM penicillin, 172 μM 

streptomycin) the UV-vis profile showed, immediately after the addition of the NPs to the CCM, 

the appearance of a shoulder at ~ 650 nm typical of aggregation of the AuNPs, due to the inter-

particle plasmon coupling during particles aggregation [30]. Interestingly, the degree of the 

aggregation did not substantially increase overtime (data not shown), indicating that after an event 

of aggregation the system was stable again. When the samples were purified, the resultant UV-vis 

spectra (Figure 2C, blue dash) clearly showed an increase of aggregation, indicating a less protected 

NPs. The DLS of the unpurified sample presented a remarkable increase in the hydrodynamic 

diameters once PS was present not just ascribable to the formation of a thicker layer of proteins, but 

rather to the presence of NPs aggregates (Figure 2B). The surface charge of these aggregates 

indicated that they were coated by proteins, showing how the NPs aggregation process was faster 

than the stabilization process by proteins, in the studied conditions, and in the presence of PS. The 

NPs destabilization in presence of PS may be due to the cationic nature of the streptomycin, which 

was observed to induce strong particles aggregation once AuNPs were exposed to a simple PS 

aqueous solution (Figure 1-SI D). Conversely, the other tested supplements were also able to 

interact with the AuNPs but without compromise the NPs colloidal stability, just a partial 

destabilization due to the BME was observed (Figure SI-1 A-C).  

 

 

Figure 2. Effects of the addition of CCM supplements to Cell Culture Media on NP Protein Corona formation. (A): 

UV-vis spectra of AuNPs exposed to CCM (red); UV-vis spectra of AuNPs exposed to CCM + GLN/BME/PhR (black, 

purple, green) the sample was purified before be measured. (B): DLS (by intensity) of AuNPs: at 24h of exposition with 

CCM (red), CCM + GLN/BME/PhR (black, purple, green) and CCM + PS (blue).  (C): UV-vis spectra of AuNPs 

exposed to CCM (red), UV-vis spectra of AuNPs exposed to CCM + 1% PS before purification (blue) after purification 

(blue dash).  

 

 

Thus, when NPs were exposed to CCM added of growing concentration of PS (1%, 5% and 10%), 

firstly comparing their resultant UV-vis spectra, in all the cases the comparison of a second 

plasmonic peak was observed. The extent of the aggregation have been quantified from UV-vis 



C h a p t e r  2  

 

45 

 

spectra, by calculating the Aggregation Parameter (AP) at time 0 (just after the addition of NPs into 

the media) according to L v  et al. [31]. The AP is basically related to the extent of the second 

plasmonic peak. AP values higher than 0.5 indicated significant aggregation. The results showed 

that the aggregation was clearly proportional with the increase of the PS concentration (Figure 3A, 

blue bars). The extent of these aggregations were slightly variable, but did not affect the observed 

trend. The formation of aggregates in presence of PS suggested that the kinetic of interaction of 

these molecules with the NPs was faster than the NP-Proteins hetero-aggregation. The influence of 

the different concentrations of PS on the AuNPs surface charge was assessed by measuring the Z 

potential of the four samples (Figure 3A, black squares), no influences of the PS presence were 

observed. The Z potential confirmed the presence of a protein layer on the AuNPs, however was not 

possible to exclude the presence of PS in the corona since any significant difference in the Z 

potential should be observed, the proteins contribution in number of charges should be much more 

higher than the PS contribution, masking the cationic charges.  

 

The time evolution of the “hard” PC formation was followed by UV-vis spectroscopy measuring the 

extent of the LSPR red-shift of the AuNPs once exposed to CCM and CCM added of 1% PS both 

purified by centrifugation (Figure 3B). In this study the concentration of AuNPs was decreased to 

the 50% to reduce the NPs aggregation rate previously observed and be able to better interpret the 

UV-vis results. In these conditions but in the absence of PS, a “hard” PC (resistant to purification 

cycles being totally reconstituted after purification) was observed from the initial time. Conversely, 

a much slower time evolution of the LSPR peak was observed if PS was present in the CCM, a 

partial red-shift was observed at time 0 and at least 20 h were needed to reach a stable condition 

(Figure 3B, blue circles). The observed difference in the time evolution of the PC hardening in 

presence of PS could be ascribed to a slower rearrangement of the protein layer. Moreover a slightly 

greater final LSPR delta values was observed once PS was present, it could be speculate due to a 

denser PC and/or to a different proteins composition. The time evolution of the Z potential of the 

purified samples did not shows any significant differences once PS was present (Figure 3 C), but as 

already discuss an eventual presence of the PS in the AuNPs PC should not influence the overall 

surface charge. These results indicated that the PS played a role in the PC formation process and in 

its formation kinetics.  
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Figure 3 Effects of the addition of Penicillin/Streptomycin (PS) to Cell Culture Media (CCM) on the time evolution of 

nanoparticle Protein Corona formation. (A) Experimentally measured Aggregation Parameters (AP) of AuNPs exposed 

to CCM with growing concentration of PS (blue bars), AP values higher than 0.5 indicated significant aggregation. Z 

potential of the same sample not purified (conductivity 15.0 ± 1.5 mS/cm
2
) (black square). (B) Time evolution of the 

Protein Corona formation followed by the LSPR red shift: Delta LSPR of AuNPs exposed to CCM (red triangle) and 

exposed to CCM added of 1% PS (blue circle). All the sample were purified by centrifugation. UV-vis spectra of the 

time 0 and time 22h of the two sample. (C) Z potential of: FBS (green); AuNPs (black); AuNPs exposed to CCM (red); 

AuNPs exposed to CCM + PS (Blue). All the sample were purified and present similar pH and conductivity (0.31 ± 

0.03 mS/cm
2
).   

 

 

Protein Corona Composition 

 

To further investigate the consequences of the presence of PS during the formation of the NPs 

Protein Corona (PC), Liquid Chromatography Mass Spectrometry (LC-MS) analysis of the proteins 

composing the PC in presence and absence of 1% PS was performed to understand if, once the two 

observed different hardening process were completed, the resulting corona formed on the AuNPs 

presented a different composition. AuNPs were exposed to CCM and to CCM added of 1% PS, 

aged 48h subsequently purified by centrifugation 5 times in order to remove all the not bound 

proteins, then processed for the LC-MS analysis. More than 140 serum corona proteins were 

identified and a semi-quantitative analysis was performed. Looking at the relative abundances of the 

whole identified proteins, grouping them for mass, it was also possible to conclude that the two PC 

presented a different composition (Figure 4 C). In the sample containing PS the most abundant 

protein was the S100A12 (a metal ion binding protein), instead in the other sample was the bovine 

albumin and 14 proteins out of the top 20 were in common but with different order and relative 

abundance (Figure 4 A, B; Table 1). Also grouping the proteins for their isoelectric point (IP) 

suggested that the PS influence the PC formation. In addition, the LC-MS analysis showed that proteins 

possessing a negative charge at the CCM pH (7.4) represented far more the majority of the proteins 

present in both corona even if the pristine AuNPs presented a negative surface charge (highly 
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attenuated/masked by the medium electrolytes), this result was in good agreement with the measured Z 

potentials after the PC formation. The presence of the cationic PS led to somehow lower values, as a 

consequence of the PS cationic charges absorbed onto the NPs surface calling for more negatively 

charged proteins at physiological pH. Performed LC-MS results were an ulterior evidence of the 

antibiotic interfering ability in the formation of the corona, highlighting that it affected also the final 

proteins composition. 

 

 

Figure 4. Classification of corona proteins identified on AuNPs exposed to CCM and CCM supplemented with 1% 

PS by LC-MS analysis. (A) Relative Normalized Spectral Counts (RNS) of the Top 10 most abundant proteins 

composing the PC resultant of AuNPs exposure to CCM (full red) compared with the NRS of the same proteins in the 

PC resultant of the exposure to CCM+PS1% (blue lines). (B) Vice versa the NRS of the Top 10 most abundant proteins 

composing the PC resultant of AuNPs exposure to CCM+PS1% (full blue) compared with the NRS of the same proteins 

in the PC resultant of the exposure to CCM (red lines). (C) Proteins composition NRS percentage of the two PC 

grouped for molecular weight. (D) Proteins composition percentage of the two PC grouped for isoelectric point.    
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Table 1. Top 20 most abundant proteins in the two corona, underlined in grey the proteins present in both columns.  

 

 

Cellular Uptake 

 

It has been reported that the PC composition can affects the NP-cell interactions, in particular NPs 

internalization by cells [32]. Furthermore, it has been shown that the NPs aggregation state can 

influence the cellular uptake [33, 34]. Understanding the mechanisms by which NPs are internalized 

by cells it is important both for NP bio-applications and in nanosafety studies.  

To determine the influence of the observed different AuNPs PCs on the NP-cell association, in vitro 

cellular uptake studies were performed. The uptake efficacy was tested using ovarian cancer HeLa 

cells as a standard cell model widely used for similar studies [32, 33]. AuNPs exposed (24 h) to 

CCM and to CCM added of 1% PS were exposed to a fix concentration of cells, with final 

concentration of 2.7, 1.4 and 0.68 *10
11

 NPs/mL. The experiment was performed three times in 

triplicates. Au quantification was performed by inductively coupled plasma mass spectrometry 

(ICP-MS).  

This methodology has the weakness that does not discriminate between NPs internalized in the cells 

or strongly bounded to their surface, however could gives a good indication of the NP-cell 

interaction which it is strongly correlate with the different cell uptake mechanisms and it is widely 

accepted to estimate the NPs cell uptake [33, 35, 36].  
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The percentage in mass of the cellular uptake of AuNPs with the PCs formed in the presence or 

absence of 1% PS were similar at the lower concentration tested, conversely at the highest 

concentration an increase of the percentage of uptake was observed associated with a large increase 

of the standard deviation (Figure 5 A). As observed, the presence of PS, especially at high 

concentration of NPs, led to the formation of NPs aggregates and the extent of this aggregation was 

variable between different experiments (Figure 3 A). Thus, the observed increase in the uptake 

could be attributed to the lower “solubility” of the sample due to the formation of AuNPs 

aggregates and the variability of the aggregation state could explain the high standard deviation. 

To assess this point, AuNPs aggregates of several diameters were prepared and incubated with 

HeLa cells (final NPs concentration of 2.7*10
11

 NPs/mL). Five AuNPs samples were exposed to 

CCM without serum proteins for 1, 3, 5, 7 and 10 seconds then added of FBS. As described, in 

absence of FBS the salty cell media led to NPs destabilization and further aggregation. The 

aggregation process presented a time evolution that could be stopped by proteins addition (Figure 

SI-2). Consequently, the addition of FBS to the samples at different time led to the formation of 

protein-stabilized AuNPs aggregates with different sizes and equal final AuNPs concentration 

(Figure 5 B, red triangles). Figure 5 B shows the percentage of uptake in mass of each AuNPs 

aggregate sample, as the AuNPs aggregate mean size increased, the percentage of Au uptaked also 

increased. The results suggested that the increased uptake of AuNPs diluted into CCM+PS was due 

to the presence of NPs aggregates rather than a different PC composition. This finding could be 

explained with a major interaction NP-cell due to a slower Brownian motion of larger aggregates 

and a faster flocculation.   

Finally, NP uptake studies in presence of a pharmacological inhibitor used to block the cell 

receptor-mediated endocytic pathways were performed to investigate if the uptake mechanisms 

involved a specific recognition of the proteins which composed the PC. Chlorpromazine was chosen 

as inhibitor of clathrin-mediated endocytosis [32]. Cytotoxicity tests of the inhibitor were 

performed to determine its maximum non-toxic concentration (data not shown). Non-toxic inhibitor 

concentration was coincident with the ones reported in literature [32], and the same concentration 

(10 μg/mL) was used for these inhibition experiments. AuNPs were first exposed for 24h to the two 

CCM (with and without PS), then the samples were put in contact with the cells previously 

incubated 1 h with the inhibitor. After 2h of exposure NPs were removed and the cells were gently 

washed with PBS three times and cells pellets were collected for the ICP-MS analysis. 

Results showed that the extent of uptake was not subjected to changes when the receptor-mediated 

endocytosis was blocked, both for AuNPs exposed to CCM and CCM+PS (Figure 5 C), indication 

of a not specific uptake mechanism involved. This study further confirmed that the differences 
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observed in the PC composition were not responsible for the diverse extent of uptake but this 

phenomenon depended mainly on floculation and and diffusion velocities of the NPs.  

 

 

 

Figure 5. NPs cell uptake studies. ICP-MS analysis of the Au content present in HeLa cells after the exposure to 

AuNPs and after three washing steps with PBS; the content it is expressed in percentage of mass respect to the initial 

[AuNPs]. (A) AuNPs + CCM (red lines); AuNPs + [cCCM+PS] (blue rhombus) % uptake after the cell exposure to 2.7; 

1.4; 0.68*10
11

NPs/mL. (B) Uptake % of AuNPs aggregates (black bars); mean size (by intensity) of AuNPs aggregates 

(red triangles). (C) Effect of clathrin mediated endocytosis inhibition on the uptake (on HeLa cells) of AuNP@SC 

exposed to CCM (red) or [CCM+PS] (blue).  

 

 

Conclusions 

 

The results of this study indicated that a different composition of the CCM could affect the 

formation process of the AuNPs PC and its final composition. In particular, the widely used PS 
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showed to had an impact in this regard. The presence of the antibiotic, especially at high NPs 

concentration, led to NP aggregation which showed to influence the interaction NP-cell rather than 

the different identified PC. NP uptake studies in presence of a receptor-mediated endocytosis 

inhibitor confirmed that no specific mechanism was involved. Cellular uptake studies indicated that, 

increasing the dimension of the NPs aggregate led to a mayor uptake. This phenomenon was 

associated with the faster sedimentation rate and the slower Brownian motion of larger aggregates 

that increased their interaction with cells. These studies indicated the importance of taking into 

account the NPs aggregation state especially in NP-cell in vitro tests. This work further highlighted 

the importance of characterize the NPs evolution in biological media to correctly interpret NP-cell 

studies, correlating the features of the final nano-object with the cell response. 
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Chapter 3 

 

Dynamic Equilibrium in the CTAB - Au Nanoparticle 

Bilayer, and the Consequent Impact on the Formation 

of the Nanoparticle Protein Corona 1 

 

 

 

 

Introduction 

 

Nanoparticles (NPs), because of their numerous outstanding physical and chemical properties [1, 2], 

are used in a wide variety of applications, including catalysis [3], sensing [4], photovoltaics [5] and 

biomedicine [1]. NPs are usually capped by surfactant molecules, which provide repulsive forces 

that prevail over the attractive ones to which NPs are subject [6]. These surfactants strongly 

influence the NPs surface features, which determine their interactions with their surroundings. 

Consequently, by just changing the type and concentration of these surfactants, it is possible to 

modulate the NP behavior and to design their surface for specific applications [7]. Several types of 

interactions occur between NPs and surfactants, depending on their chemical nature, from strong 

covalent bonds to weak van der Waals interactions.  

 

An important point is if the surfactants are permanently bound to the NP surface or in a dynamic 

equilibrium with the free surfactant molecules present in solution. In the latter case, the removal of 

                                                 
1
 This chapter is an extract of the article published in Bioconjugate Chemistry:  

Barbero, F.; Moriones, O. H.; Bastus, N. G.; Puntes, V., (2019) Dynamic Equilibrium in the 

Cetyltrimethylammonium Bromide-Au Nanoparticle Bilayer, and the Consequent Impact on the 

Formation of the Nanoparticle Protein Corona. Bioconjug Chem. 
https://doi.org/10.1021/acs.bioconjchem.9b00624 

https://doi.org/10.1021/acs.bioconjchem.9b00624
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the excess molecules in solution by purification or dilution leads to aggregation of the NPs [8]. 

Under these conditions, complete purification of such NPs is not possible without compromising 

the NP colloidal stability. In addition, surfactants in dynamic equilibrium allow for their exchange 

and further NP engineering. Consequently, from a biomedical and nanosafety point of view, 

dispersion of NPs in biological or environmental media commonly leads to NP surfactant exchange 

and/or NP aggregation.   

 

A widely used NP surfactant is the cationic cetyltrimethylammonium bromide (CTAB), which in 

the case of Au, can also be used as a shape-directing agent, widely employed for the synthesis of 

nanospheres [9], nanorods [10]; nanoprisms [11], nanocubes [10] and nanostars [12]. Furthermore, 

this surfactant is typically used to confer cationic properties to AuNPs [13] and has been used as a 

positive control for toxic NPs in many nanosafety studies [14, 15], although the toxicity is 

associated with the excess CTAB in solution [16, 17] rather than the Au-CTAB NPs.  

 

CTAB is a quaternary ammonium surfactant that, due to its amphiphilic nature, it is dispersible both 

in water and in several organic polar and apolar solvents through the formation of micelles [18]. In 

pure water, CTAB has a Krafft temperature of 23°C [19] and a critical micelle concentration 

(CMC) of approximately 0.92 mM at 25°C in pure water [20, 21]. Evidently, the presence of 

different ions, macromolecules and NPs shifts these critical concentrations to lower values [20]. At 

concentrations well above the CMC, approximately 300 mM, the CTAB micelles start to grow and 

become rod-like in shape [22] which are used to template the growth of AuNPs. Note that the 

surfactant molecules in these micelles are in equilibrium with the CTAB free in solution and at the 

air water interface [23].  

 

Physicochemical characterizations of CTAB layers on AuNPs have shown the formation of a 

cationic surfactant bilayer [24], and studies on Au nanorods (AuNRs) have shown that it has a 

thickness of 3,2±2 nm with an alkyl chain density of 80-100%. The observed thickness is smaller 

than the extended alkyl chain length, opening the hypothesis of potential entanglement of the alkyl 

chains [25]. The first layer of the CTAB bilayer is bound to the AuNP surface via electrostatic 

interactions of the cationic quaternary ammonium head group with an anionic NP surface consisting 

of metal bromide complexes [26, 27].  

 

Initially, the CTAB-AuNPs were found to be highly cytotoxic [28, 29], and the effective 

concentration required to reduce cell viability by 50% (EC50) was found to be between 2 and 30 
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μM [28, 30]. However, it was observed later that the large amount of CTAB used to synthesize 

AuNPs, normally in the order of 100 mM, clearly interfered with biological processes [29]. 

Consequently, the CTAB-stabilized AuNPs were not toxic to the cultivated cells if they were 

previously purified by centrifugation, while the resulting supernatant was as toxic as the unpurified 

sample [16, 17]. These studies highlighted the need to purify CTAB-stabilized AuNPs to study their 

biological impact. However, purification of CTAB-stabilized AuNPs induces loss of colloidal 

stability [8, 25, 31]. Consequently, further studies are needed for a deeper understanding of the 

static vs dynamic nature of the CTAB bilayer and its consequences on NPs physicochemical 

properties and behavior in biological scenarios.  

 

In the present work, physicochemical characterization of the CTAB bilayer of gold nanospheres and 

gold nanorods was carried out, highlighting the presence of a dynamic equilibrium between the 

CTAB present in the NP bilayer and that free in solution. Then, the impact of the dynamic 

equilibrium on the exposure of the particles to biological fluids and on the formation of NP protein 

coronas was studied.  

 

 

Results and Discussion 

 

Au Nano-spheres and Au Nano-rods as Representative Case Study 

 

To investigate the physicochemical properties of the CTAB bilayer and its static vs dynamic 

equilibrium, quasi-spherical CTAB-stabilized gold nanoparticles (AuNSs) and rod-like CTAB-

stabilized gold nanoparticles (AuNRs) were chosen (Figure 1). These two shapes were selected 

because they are the most representative of the AuNPs family and because spheres have a high 

surface curvature, while rods are rather flat. These characteristic influence the interactions between 

the surfactant molecules in the bilayer. In addition to the curvature radii, the different shapes have 

been shown to expose different crystal planes [32]. AuNSs are generally claimed as faceted multi-

twinned structures with decahedral or icosahedral geometry, with all the crystal faces exposing 

Au(111) planes [33, 34]. For AuNRs synthesized in the presence of CTAB and traces of AgNO3, 

the described crystallographic analysis report Au(250) facets on the flat sides and Au(111) and 

Au(110) facets on the tips [35]. It has been shown that silver is present mainly on the NP surface - a 

feature that could influence the interaction with CTAB [26].     
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Au NPs Synthesis 

 

The AuNPs were synthesized following the seeded-growth approaches using the reported protocols 

[9, 10]. The physicochemical properties of the CTAB-stabilized NPs (AuNP@CTAB) and the 

nature of the CTAB bilayer were characterized by UV-vis spectroscopy, zeta potential analysis, 

dynamic light scattering (DLS) and scanning transmission electron microscopy (STEM) analysis. 

This combination of characterization techniques provided a robust description of the NPs and their 

aggregation state.  

 

As illustrated in Figure 1, the bright field STEM images showed a good monodispersity of both 

NPs. The AuNSs had diameters of 9.5 ± 0.9 nm, and the AuNRs had an aspect ratio of 2.7, 

corresponding to average dimensions of 42.3 ± 4.5 nm x 15.7 ± 3.2 nm. The UV-vis spectra showed 

typically localized surface plasmon resonance (LSPR) profiles [36]: a single peak for the AuNSs at 

522.5 nm and two peaks for the AuNRs at 515 nm (transverse LSPR) and 652 nm (longitudinal 

LSPR). After synthesis, the AuNPs concentration was 5.7*10
12

 NPs/mL for the AuNSs (total 

surface area 1.6*10
15

 nm
2
/mL) and 6.2*10

11
 NPs/mL for the AuNRs (total surface area 1.5*10

15
 

nm
2
, assuming a cylinder). The CTAB concentrations of the as-synthesized NPs were 75 mM and 

100 mM, respectively. Under these conditions, the Z potential values were +38.0±7.3 mV 

(conductivity 2.4 mS/cm) for the AuNSs and +46.9±2.3 mV (conductivity 3.0 mS/cm) for the 

AuNRs. The scattering intensity of the AuNPs was at least 6 times higher than that of the CTAB 

solutions at the same concentration, confirming that the measured values were due only to the NPs 

and not a significant superimposition of the surface charge values of the free CTAB micelles and 

AuNPs. 

 

 

AuNP@CTAB Colloidal Stability Mechanism 

 

First, we investigated the mechanism of the AuNP@CTAB colloidal stability. The two types of NPs 

were exposed to increasing concentrations of NaCl (from 250 mM to 1500 mM, final 

concentrations), with the total surface area of the NPs kept constant in all the samples. The samples 

were diluted to obtain a final CTAB concentration of 57 mM. The NP colloidal stability was 
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assessed by UV-vis spectroscopy, and the Z potential was monitored for all the samples (Figure 1 

C-F). As expected, as the ionic concentration increased, the Z potential decreased, reaching values 

below +30 mV already at a NaCl concentration of 250 mM and just slightly positive at NaCl 

concentrations greater than 500 mM (~ +8 mV). The UV-vis spectra profiles of the samples 

exposed to the salt solutions showed no changes ascribable to a loss of stability and consequent 

aggregation and sedimentation, even at a NaCl concentration of 1500 mM. In the case of mere 

electrostatic repulsion between particles, DLVO theory claims that a Z potential larger than 

approximately ±30 mV is needed to sustain colloidal stability [37, 38]. As in these really high ionic 

concentrations electrostatic charges are efficiently screened, it can be concluded that AuNP@CTAB 

presents a steric stabilizing component that prevents NPs from aggregation since steric stabilization 

is independent of the ionic concentration [38]. Note that the presence of abundant free CTAB 

micelles may determinately contribute to the observed stability. Unfortunately, vide infra, the 

purification leads to NP aggregation by alteration of the external CTAB bilayer, so we are unable to 

answer this question.  

 

 

Figure 1. Physicochemical characterization of the AuNPs and the steric stabilizing properties of the CTAB AuNSs and 

AuNRs bilayer. (A, B) Bright field STEM images of the AuNSs (9.5±0.9 nm) and AuNRs (42.3±4.5 nm x 15.7±3.2 

nm). (C) UV-vis spectra of AuNSs, CTAB 57mM (blue) and AuNSs, CTAB 57mM NaCl 1500mM after 48h (red). (D) 

UV-vis spectra of AuNR, CTAB 57mM (blue) AuNRs, CTAB 57mM NaCl 1500mM after 48 h (red). (E) Z potential 

(■) and conductivity (▼) of the AuNSs with increasing concentrations of NaCl. The concentrations of the NPs were the 
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same in all the samples. (F) Z potential (■) and conductivity (▼) of the AuNRs with increasing concentrations of NaCl. 

The concentrations of the NPs were the same in all the samples.    

 

The Emergence of Dynamic Equilibrium 

 

After synthesis, the colloidal solutions had very high CTAB concentration (75 and 100 mM 

respectively). Performing a theoretical calculation of the amount of CTAB molecules needed to 

form a bilayer on top of the NP, we found concentration values in the range of ~ 8-15 μM for the 

spheres (< 0.02 %) and ~ 8 μM for the rods (~ 3.1-5.7 and 3.1 CTAB molecules per nm
2
, 

respectively; see materials and methods). The calculations indicated that the CTAB present after the 

synthetic procedure is in really large excess in comparison with the amount of surfactant forming 

the bilayer on the NP surface. As the CTAB presents an EC50 between 2 and 30 μM [28, 30], its 

concentration in the AuNPs samples needed to be reduced by at least 6 orders of magnitude to avoid 

cytotoxicity. However, as previously reported, the purification of AuNP@CTAB leads to a 

destabilization of the NPs [25, 31].  

 

The physicochemical characterization of the AuNSs and AuNRs along of a systematic purification 

was carried out. The AuNPs were purified by simple centrifugation, supernatant removal, and 

further resuspension. In each washing step, 90% of the supernatant was removed, and the pellets 

were reconstituted to the initial volume with mQ water. The volumes were checked using an 

analytical balance. With this procedure, in each washing step, the amount of free CTAB was 

reduced by 90%. Table 1 reports the free CTAB concentrations at the net of the theoretical CTAB 

bilayer. The CTAB concentrations were confirmed with a quantification colorimetric assay (see 

materials and methods). Of note, after the third washing step, the concentration of CTAB was lower 

than its CMC (0.9 mM in mQ water at RT).   

 

 Free CTAB (mM)  

Centrifugal Washing Step (90%) AuNS AuNR  

Before Wash                         (BW) 75 74.5±0.1 100  

After 1 centrifugal Wash (A1cW) 7.5 7.448±0.01 10  

After 2 centrifugal Wash (A2cW) 0.8 0.745±0.007 1 ~ CMC 

After 3 centrifugal Wash (A3cW) 0.08 0.071±0.005 0.1  

After 4 centrifugal Wash (A4cW) 0.008 0.013±0.003 0.01 ~ EC50 

Table 1. Concentration of free CTAB after several centrifugal washing steps, theoretical and measured (italic) values.  
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In order to monitor the washing process, a physicochemical characterization of the samples was 

performed after each purification step. For both AuNPs, until the third centrifugal wash step 

(A3cW), samples did not present any problems in being re-suspended (Figure 2). However, after the 

fourth wash (A4cW), it was not possible to redisperse a significant portion of the pellets (Figure 2B, 

E images). Consequently, it was not possible to perform a fifth washing step. The UV-vis spectra 

showed a progressive decrease in the absorbance after each step, just partially ascribable to a 

normal loss of NPs (~ 5%) during the purification process (Figure 2A, D). Interestingly, after each 

wash, a reproducible and nonnegligible blue-shift of the LSPR was observed (Figure 2A-B, D-E) 

for the AuNSs from 522.5 nm to 518 nm and for the AuNRs from 652 nm to 646 nm, which can be 

ascribable to a decrease in the degree of packing of the CTAB molecules at the surface of the NPs 

[39]. For the AuNRs, the blue-shift was observed only for the longitudinal LSPR [40] which is 

more sensitive that the transverse one to changes in the dielectric media surrounding the NPs. After 

the fourth wash, the UV-vis spectrum of the AuNSs showed an increase of the background, an 

indication of aggregation, and the AuNRs spectrum showed a broadening of the longitudinal band, 

with the maximum 15 nm red-shifted, also indicating aggregation [41]. Interestingly, when the 

AuNSs A4cW was resuspended in a solution of CTAB 75mM instead of mQ water, the LSPR 

maximum was at 522.5 nm, the same as the not purified sample (Figure 2B, E - red squares). 

During the purification process, the Z potential measurements initially showed an increase in their 

values (A1cW) and a substantial decrease in the standard deviation of the measure. From the 

seconds washing steps (A2cW), the Z potential started to decrease, even when the conductivity 

decreased. Thus, the Z potential of the AuNSs dropped from +38.0±7.3 mV to +13.8±3.4 mV, and 

that of the AuNRs from +46.5±8.2 mV to +21.3±1.9 mV. The conductivity values decreased from 

2.4 mS/cm to 0.004 mS/cm and from 3.8 mS/cm to 0.004 mS/cm, respectively. 

 

The loss in stability after four purification steps, together with the observed blue-shifts, associated 

with  a decrease of the local refractive index (RI) [42, 43] and the Z potential decrease, indicating 

that the AuNP@CTAB were subjected to changes in their surface state throughout the purification 

process. To further evaluate the changes in the NPs properties, a solution of NaCl (final NaCl 

concentration 250 mM) was added to the washed samples to observe the steric stabilization 

described in the not purified AuNP@CTAB samples. The NPs A1cW, A2cW, and A3cW showed 

no sign of aggregation. Conversely, the UV-vis spectra at time 0 after A4cW clearly showed the 

appearance of a second peak and a rising of the background, clearly indicating NP aggregation [41] 

(Figure 2A, grey dash). These results suggested that the observed aggregation after four purification 
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steps was due to the observed loss in the steric stabilization, which is related to the number and 

conformation of surfactant molecules absorbed at the NP surface. Here again, the decrease of the Z 

potential [44] and the LSPR blue-shifts, may have been due to a less dense CTAB bilayer [45]. The 

aggregation as the CTAB concentration decreased and the recovery of the initial NP characteristics 

when resuspended in the CTAB solution indicated the bidirectional dynamic relationship between 

the excess CTAB in the solution and the NP bilayer structure: reducing the surfactant in the solution 

means shifting the equilibrium to free CTAB in solution, thus reducing the amount of CTAB 

forming the NP bilayer.  

 

 

Figure 2. Physicochemical characterization of the AuNSs and AuNRs after successive centrifugation washing steps. (A, 

D) UV-vis spectra of the AuNSs and AuNRs as synthesized and after different centrifugation purification/washing 

steps. In each stage, 90% of the supernatant volume was removed, and the samples were filled with an equal volume of 

mQ water, shown by the grey dashed line. The AuNSs, after four centrifugation washes (A4cW), were exposed to NaCl 

250mM. (B-E) LSPR value of the AuNSs and the longitudinal LSPR value of the AuNRs after each washing step 

(AncW); the photos represent the samples after 4 washing steps. The NPs pellets were not completely redispersible. (C, 

F) Z potential (■) and conductivity (▼) of the AuNSs and AuNRs after each purification step.  
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Shifting the Equilibrium by NPs Dilution 

 

To strengthen this hypothesis and to avoid possible effects due to the “aggressive” purification 

method used (centrifugation), alternative purification procedures were explored. First, instead of 

removing 90% of the supernatant in the centrifugation procedure, 99% was removed to obtain the 

same final free CTAB concentration in just two steps at the expense of losing some AuNPs. In this 

case, results very similar to those of the A4cW were obtained (data not shown). “Milder” washing 

techniques were also explored. Diafiltration and classic dialysis against mQ water were used to 

purify the AuNP@CTAB sample from the excess surfactant (Figure SI-1). Both techniques showed 

that, after several purification steps, the NPs started to lose colloidal stability, and there was a 

subsequent decrease in the Z potential. Indeed, the gentlest method to shift the equilibrium towards 

the free CTAB form was to directly dilute the AuNP@CTAB sample in mQ water, reaching the 

same surfactant concentrations obtained in the several centrifugation steps. Thus, the samples were 

diluted 100 times and 1000 times in mQ water to obtain free CTAB concentrations of 0.08/0.1 mM 

(AuNS/AuNR) and 0.008/0.01 mM, corresponding to A3cW and A4cW, respectively, keeping the 

number of NPs constant at the initial synthesis concentrations. As a control, the samples were also 

diluted in a 75 mM aqueous solution of CTAB. The UV-vis spectra of the AuNSs diluted 1000 

times showed some extent of aggregation from time 0, translated into a shoulder appeared at 

approximately 680 nm that rapidly evolved over time. At time 24 h, the LSPR disappeared, an 

indication of the complete aggregation of the NPs that led to the sample sedimentation (Figure 3A). 

Conversely, the sample diluted 1000 times in the 75 mM CTAB solution showed no sign of 

aggregation neither after 24 h, and it showed an LSPR at 522.5 nm, as did the as-synthesized 

sample (Figure 3A, red line). The AuNSs diluted 100 times showed an LSPR at 519 nm (as did the 

A3cW) and gave no indication of aggregation after 24 h (Figure 3 B). Also, in the sample diluted 

100 times in 75 mM CTAB, the LSPR was at 522.5 nm and in this case was clearly appreciable also 

an increase in the absorbance (Figure 3B, red line). All these results are indicative of the persistent 

equilibrium between CTAB free in solution and at the AuNP bilayer. The Z potential of the diluted 

AuNSs showed a decrease in its values similar to that observed in the sample purified by 

centrifugation (Figure 3D). A concentrated NaCl solution was also added to the AuNSs diluted 100 

times (final concentration of 250 mM), and the sample was perfectly stable (Figure 3C). The same 

experiments were performed on the AuNRs, and results are shown in Figure 3, confirming the same 

trends described above, with just a slower aggregation kinetic of the sample diluted 1000 times.  
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These dilution experiments clearly showed very similar results to those obtained with all the 

purification procedures: loss in the colloidal stability when the CTAB concentration was decreased; 

a progressive decrease in the Z potential as the free CTAB was removed; and a clear blue-shift in 

the UV-vis spectra, indicating a decrease in the surfactant concentration at the NP surface. 

Furthermore, the control samples diluted in a solution of 75 mM CTAB showed the same 

characteristics of the not purified AuNP@CTAB samples, showing the same absorption profiles, Z 

potentials and colloidal stabilities. Additionally, in the control experiments, it was possible to 

appreciate that besides the difference in the LSPR maximum, higher values of the absorbance 

maximum were also observed, indicating other plasmonic evidence of a difference in the local RI 

[43].   

 

The results show that a difference in the concentration of the free CTAB clearly affects the 

AuNP@CTAB surface and properties and if the free CTAB concentration is reestablished, the 

initial characteristics are also restored. It can therefore be confirmed that there is a reversible 

equilibrium between the free CTAB and the CTAB bilayer. These results clearly indicate that 

diluting the AuNP@CTAB does not mean obtaining solutions of the same particles just at different 

concentration, but solutions of different nano-objects that present a different surfaces and, 

consequently, different properties (Figure 5).  

 

These differences were observed along all the tested concentrations of free surfactant (100 mM to 

10 μM), with prominent changes observed below the CTAB CMC. The possibility to purify the 

samples one order of magnitude below the CTAB CMC seems to indicate that the presence of 

surfactant micelles in the solution was not required to have a colloidally stable AuNP@CTAB 

solution. However, the complete purification of the NPs from the free CTAB seemed impossible. In 

other words, any stable dispersion of NPs in CTAB contained toxic amounts of free surfactant.  

 

Interestingly, similar results were obtained with the AuNSs and AuNRs, despite their different 

crystalline facets and surface curvatures. Consequently, despite the different packing of the bilayers 

on a flat or curved surface and the different preferential CTAB binding for different crystal facets, 

as postulated in literature [46], these factors did not strongly affect the surfactant dynamic 

equilibrium, suggesting that these effects were related to the first monolayer, in contact with the Au 

(and Ag traces) surface, while the equilibrium of the second layer was rather independent of shape.  
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Figure 3. Comparison of the physicochemical properties of the AuNSs and AuNRs once diluted, below the CTAB CMC 

in mQ water or in a CTAB solution. (A) Time evolution of the UV-vis spectra of the AuNSs concentrated 100 times 

(CTAB 7.5 mM): diluted 1:1000 (CTAB 8μM) in mQ water (black) and in 75 mM CTAB (red). (B) Time evolution of 

the UV-vis spectra of the AuNSs concentrated 100 times (CTAB 7.5 mM): diluted 1:100 (CTAB 80 μM) in mQ water 

(black) and in 75 mM CTAB (red). (C) UV-vis spectra over time of the previous sample diluted 1:100 exposed to 250 

mM NaCl. (D) Z potential (■) and conductivity (■) of the AuNSs diluted 1:1000 and 1:100 in mQ water. (E) Z potential 

(■) and conductivity (■) of the AuNRs concentrated 100 times (CTAB 10 mM): diluted 1:100 and 1:1000 in mQ water. 

(F) Time evolution of the UV-vis spectra of the AuNRs concentrated 100 times (CTAB 10 mM): diluted 1:1000 (CTAB 

10 μM) in mQ water (black) and in 100 mM CTAB (red). (G) Time evolution of the UV-vis spectra of the AuNRs 

concentrated 100 times (CTAB 10 mM): diluted 1:100 (CTAB 100 μM) in mQ water (black) and in 250 mM NaCl 

(blue). 
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Nature of the Internal CTAB-AuNP Layer 

 

Regarding the structure of the CTAB bilayer formed on the AuNPs, the first layer, the internal one, 

has the polar heads bound via chemisorbed bromide counterions, exposing the hydrophobic chain to 

the solution [26, 27]. In contrast, the second layer, the external one, is stabilized by hydrophobic 

interactions between the alkyl chains. The difference between the two types of interactions leaves 

the doubt that only the external layer, with a nature similar to that of micelles, is in a dynamic 

equilibrium with the free CTAB. In this case, the observed aggregation could be also driven by a 

partial hydrophobic nature of the AuNP@CTAB single layer.  

 

In an attempt to assess this hypothesis, the AuNSs, at each of the purification steps, were put in 

contact with two organic solvents with different polarities, 1-octanol, used as a standard to measure 

the partition coefficient [47], and the more apolar chloroform; in both solvents, the CTAB is soluble 

through the formation of reverse micelles [48]. The aim was to evaluate the ability of 

AuNP@CTAB to perform a phase transfer via the ability to present only the first layer exposing the 

lipophilic alkyl moieties and, consequently, soluble in an organic solvent. First, the AuNSs were 

mixed with 1-octanol (1:2) and observed for several days (Figure SI-2). None of the NPs were able 

to migrate, even partially, to the organic solvent. The A4cW sample started to aggregate almost 

immediately, and the A3cW sample began to show signs of aggregation after a few minutes. After 2 

hours, the sample showed large AuNPs aggregates. The other samples did not show any change 

over time. This experiment just demonstrated another CTAB purification strategy; free CTAB was 

partitioned between the water and the organic solvent, and the amount of free surfactant was 

reduced. 

 

Furthermore, in the water/chloroform partition (1:2) of AuNSs, the samples did not show any 

migration for the unpurified particles (BW), A1cW and A2cW (Figure 4A). Interestingly, 4 days 

after being mixed with the CHCl3, the A3cW migrated to the organic phase while the A4cW did 

not. The UV-vis spectra confirmed these observations and showed that the sample transferred to 

chloroform (A3cW) migrated completely and did not show any sign of aggregation (Figure 4B, C). 

It could be speculated that the A4cW, already at the limit of colloidal stability, was quickly 

destabilized due to the removal of a small quantity of free CTAB by migration to the CHCl3 phase 

and immediately aggregated, losing the ability to phase transfer. In contrast, the A3cW, containing 

10 times free CTAB, was more slowly destabilized by the removal of CTAB, and before 
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aggregation occurred, the NPs underwent a phase transfer into the CHCl3, where the NPs were 

stable, indicating the possibility of having lipophilic AuNP@CTAB with just the first layer. 

 

Taking advantage of the possibility of CTAB to solubilize the AuNPs in organic solvents, 

exploiting the salting-out effect [49], a saturated solution of NaCl was added to the AuNSs BW, 

A1cW, and A2cW that had been previously put in contact with a CHCl3 phase. Immediately after 

vigorous mixing, all the NPs completely migrated into the organic phase (Figure 4D). The same 

strategy was tried with the AuNRs and larger AuNSs with a diameter of 50 nm. In both cases, the 

phase transfer into the organic solvent did not occur, highlighting that a very small size is required 

to pass through such interphase [50].  

 

Another method was developed to perform a phase transfer of AuNRs. A solution of AuNRs (BW) 

was dried under mild vacuum (the dried powder was black), and CHCl3 was subsequently added. A 

stable colloidal solution in organic solvent was obtained, indicating a certain degree of aggregation 

(by UV-VIS), likely due to the drying procedure, as in the previously reported method of solvent 

evaporation-induced assembly [36]. To avoid this aggregation, the polymer polyvinylpyrrolidone 

360KDa (PVP) was added to the AuNRs solution before the drying procedure as a thickener (final 

concentration 2.7 mg/mL). The solution was dried (the dried powder was green/blue) and 

resuspended in CHCl3, and a green/blue solution was obtained. The resultant UV-vis spectrum 

showed the typical AuNRs profile, just red-shifted in comparison to that of the NPs dispersed in 

water, an effect ascribable to the increase in the RI of the organic solvent [51] (Figure 4F). The 

AuNRs in chloroform were stable over time (at least two weeks). A ligand exchange between 

CTAB and PVP could be ruled out, as the AuNSs coated with PVP experienced surfactant exchange 

when exposed to a CTAB solution (Figure SI-3), probably due to the stronger interactions of the 

quaternary ammonium head group of the CTAB and the metal bromide complexes at the NP surface 

compared to the weaker interactions of the Au and the PVP cyclic amide group. 

 

The methods outlined above allowed the study of the dispersion of AuNPs in organic solvents with 

a CTAB monolayer. Note that stable AuNPs in organic solvents are required for various 

applications such as preparing hydrophobic composites with water-insoluble polymers and 

controlling the assembly of nanoparticles on substrates upon evaporation from volatile solvents [52-

54].  
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Figure 4. Nature of the internal CTAB layer. (A) Time evolution of the water/chloroform partition experiment: 1 mL of 

each AuNS at the different washing steps were exposed to 2 mL of CHCl3. (B) UV-vis spectra, at time 0, of the water 

phase (red) and CHCl3 phase (blue) of the AuNS A3cW (CTAB ~ 0.08 mM). (C) UV-vis spectra, after four days, of the 

water phase (red) and CHCl3 phase (blue) of the AuNS A3cW (CTAB ~ 0.08 mM). (D) AuNS phase transfer: UV-vis 

spectra and images of the A1cW sample added of a saturated NaCl solution, mixed with CHCl3. (E) Time evolution of 

the UV-vis spectra of the AuNS A1cW concentrated 100 times migrated to CHCl3 (1:20, CTAB 0.4 mM): diluted 1:100 

in CHCl3+CTAB 100mM (blue) and in pure CHCl3, final CTAB concentration of 4 μM (black, grey). (F) AuNR phase 

transfer: UV-vis spectra and images of the BW sample added of PVP, dried and resuspended in CHCl3. (G) Time 

evolution of the UV-vis spectra of the AuNR A3cW concentrated 10 times migrated to CHCl3 (CTAB 10 μM): diluted 

1:100 in CHCl3+CTAB 100mM (red) and in pure CHCl3, final CTAB concentration 1 μM (black, grey).  
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Thus, it was possible to isolate the AuNSs and AuNRs with only the first CTAB layer, which 

allowed the study of their first layers behavior. The same dilution strategy was used to evaluate the 

influence of free CTAB, adding at the beginning a phase transfer step into CHCl3. AuNS-A1cW 

sample concentrated 100 times (free CTAB ~7.5 mM) was added to a saturated solution of NaCl 

and put in contact with CHCl3 (1:20). Also at this high concentration of NPs, the migration to the 

organic solvent occurred completely, without any sign of NPs aggregation. The resultant solution 

(observed to be stable for at least two weeks) was further diluted 1:100 in CHCl3 (CTAB final 

concentration 0.004 mM) and CHCl3+CTAB (100 mM). The evolution of the two solutions was 

followed by UV-vis spectroscopy (Figure 4E) as a function of time. The particles diluted in the 

chloroform solution of CTAB were clearly stable over time; conversely, the NPs diluted just in pure 

CHCl3 showed, after the dilution, a shoulder approximately at 650 nm typical of the of NP 

aggregation that evolved over time, indicating a strong destabilization of the system under these 

conditions. These results showed that the different concentrations of free CTAB also influenced the 

colloidal stability of the AuNSs in the organic solvent, where the AuNP@CTAB presented only the 

first layer, giving them lipophilic properties. From these results, it is possible to conclude that on 

the AuNSs, not only is the external layer of CTAB in dynamic equilibrium with the free surfactant 

but, at least in organic solvent, the internal layer is also dependent on the concentration of free 

surfactant, appearing to also be in dynamic equilibrium (Figure 5).  

 

Then, PVP was added to the AuNRs, A2cW and A3cW, concentrated 10 times (final free CTAB ~ 

1 mM and 0.1 mM), dried and then resuspended in the same volume of CHCl3. Subsequently, the 

samples were diluted 100 times in CHCl3 to obtain final concentrations of free CTAB of 

approximately 10 μM and 1 μM (10 times less than the A4cW). Both solutions were stable for at 

least 12 days (Figure 4G). This result seems to indicate that in the organic solvent, the stabilizing 

CTAB layer is not significantly influenced by the free surfactant concentration, indicating that in 

the case of AuNR, at least in chloroform, the CTAB first layer is not in dynamic equilibrium or that 

the equilibrium is strongly displaced to the Au surface (Figure 5). 

 

These findings seem to highlight that the interaction nature of the CTAB forming the first layer on 

the gold surface is different when it formed on the AuNSs or on the AuNRs. The main differences 

lie in the surface curvature and the crystal facets of their sides, whereas the AuNRs tips present a 

nature more similar to that of the AuNSs. Furthermore, the AuNRs present silver atoms on their 

surface. The absence of a dynamic equilibrium of the CTAB-AuNR first layer may result in a less 

accessible surface compared with that of the AuNSs, which it can be imaged that behaves similar to 
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that of the AuNRs tips, supporting the hypothesis formulated in the literature that CTAB 

preferentially adsorbs to the flat surface of rods rather than to its tips, which is accepted to be one of 

the mechanisms underlying the rods anisotropic growth [46]. Consequently, it has been 

demonstrated that the ends of the rods are much more reactive than their sides [29, 36]. 

 

 

Figure 5. Scheme of the dynamic equilibrium in the CTAB gold nanoparticle bilayer and its consequences on the NP 

surface and the colloidal stability. Impact on the formation of the NP protein corona and the CTAB internal layer 

characterization by phase transfer strategy.  

       

 

Impact on the Formation of the NP Protein Corona 

 

From a safety or bioapplication point of view, NPs can unintentionally or intentionally enter living 

systems [55, 56]. Thus, the study of the interactions of NPs with biological systems is important to 
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ensure their safe application and to understand their mechanisms of interaction as medical tools. An 

important phenomenon that occurs when NPs encounter biological fluids is the formation of a 

protein corona (PC) enveloping the NP. This phenomenon is relevant, as it provides the biological 

identity of the NPs that come into contact with a living system, mediating the interactions with cells 

and biological barriers, which has important implications for safety, biocompatibility and the use of 

NPs in medicine [57-62]. Previous studies have already shown the ability of AuNP@CTAB to 

undergo PC formation [17, 63, 64], and partial unfolding of the proteins composing the corona has 

also been reported [63, 65, 66]. In light of the previous results, AuNSs at the different washing steps 

were exposed to a common cell culture media to study the PC formation.  

 

The five NP samples plus an aqueous solution of 8 mM CTAB were diluted 1:10 in RPMI cell 

culture medium supplemented with 10% fetal bovine serum (FBS, as the source of proteins) and in 

just the RPMI without serum as a control. The 1:10 dilution obviously reduced the free CTAB of 

each sample in the final media. RPMI is a complex medium composed mainly of inorganic salts 

(0.138 M), vitamins, amino acids, and sugars. The UV-vis of the samples BW, A1cW, and A2cW 

showed no significant differences when they were diluted in RPMI. After 22 hours of exposure, all 

three samples showed the comparison of a shoulder at approximately 600 nm due to the presence of 

AuNPs aggregates (Figure 6A, B). Correspondingly, the Z potential decreased over time but still 

showed positive values (Figure 6C). In contrast, the A3cW and A4cW already at time 0, showed a 

significant broadening of the LSPR, an increase of the baselines and a change in the color of the 

solution from reddish to violet-blue, evidencing the AuNPs aggregation (Figure 6A). After 22 

hours, the plasmonic profiles were totally lost, and a black precipitate appeared (image, Figure 6B). 

The aggregation of the A3cW and A4cW was expected, as the RPMI present a high salinity, and, as 

described above, these samples had lost their steric stabilization. Conversely, the slow aggregation 

over time of the BW, A1cW, and A2cW was less expected, as previous experiments clearly showed 

that at these concentrations of free CTAB, the cationic bilayer stabilized the NPs against 

aggregation, even in saline media ten times more concentrated. Considering the composition of the 

RPMI, in addition to the salts, vitamins, sugars, and amino acids are also present, and the majority 

of these molecules present chemical moieties able to interact with gold surfaces, especially those 

with an –SH group such as cysteine, or interfere with the double bilayer. The partial replacement 

could be in line with the modest decrease observed in the Z potential. The possibility to form an 

additional destabilizing layer of media molecules on the CTAB bilayer seems less likely, as the Z 

potential would have decreased more.  
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When proteins were added to the RPMI, the UV-vis spectrum showed an increase in the absorbance 

in the UV region due to the presence of numerous organic molecules and macromolecules and a 

shoulder at ~ 406 nm due to the presence of the hemoglobin in the FBS [67]. Once the 8 mM CTAB 

solution was diluted 1:10 in RPMI+FBS, the UV-vis spectrum showed a considerable increase in its 

absorbance that further increased over time and the solution became cloudy (Figure 6D). This result 

was consistent with the reported ability of CTAB to unfold proteins [68]. Once unfolded, proteins 

tend to aggregate [69], thus scattering light (“absorbing”) at longer wavelengths (>600 nm). This 

explains the rising of the UV-vis spectrum in samples BW, A1cW, and (less intense) in A2cW 

(Figure 6E, F). The presence of large aggregates in the three samples was also observed by dynamic 

light scattering (data not shown). No signs of AuNPs aggregation were observed in the absorbance 

profile. The solutions were still reddish even if cloudy. Interestingly, after 22 hours, the BW 

spectrum did not show any plasmonic features in solution, but the samples had a reddish precipitate 

(Figure 6E). This result suggested the formation of large proteins aggregates trapping the AuNPs, 

with no contact between them, thus maintaining their individual plasmon resonance, forming a kind 

of proteins-AuNPs red composite (Figure 5). The Z potential of these samples had values of 

approximately -10 mV, similar to that of the CTAB solution diluted in RPMI+FBS, attributable to 

the proteins in solution. Note that the Z potential is not sensitive to the degree of aggregation; thus, 

if different aggregates end up coated by proteins, all of them will display a similar surface charge. 

In the presence of FBS, A3cW and A4cW did not present any sign of aggregation and were stable 

over time (Figure 6G, H). Therefore, it was possible to purify them without causing NPs 

aggregation whether they were resuspended in mQ water or in RPMI. The Z potential of both 

samples passed from positive to negative, and these values were maintained after the samples were 

purified (Figure 6I), whether they were rediluted in mQ water or in RPMI. In RPMI, the values 

were less negative, as the conductivity was higher, and the values were very similar to the Z 

potential of the serum proteins. Furthermore, the LSPRs of the A3cW and A4cW showed red-shifts 

of ~ 2 nm after their exposure to the RPMI+FBS, ascribable to an increase of the local RI due to the 

protein coating. The DLS analysis showed an increase in the diameter of the particles of 

approximately 15 nm not ascribable to NPs aggregation. All in all, these results indicated the 

formation of a stabilizing PC on these particles, strengthened by the increase in the hydrodynamic 

diameter, with a value ascribable to a protein monolayer (Figure 5). The possibility of purifying 

them without compromising their stability and the Z potential is a clear indication of the formation 

of a hard PC [70, 71].  
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Remains open the question as to whether, in the A3cW and A4cW samples, the CTAB was present 

after the PC formation or underwent ligand exchange. In any event, the dynamic equilibrium also 

observed in the first layer of the AuNSs could suggest that the CTAB was no longer on the surface 

of the NPs. This study is an example of how at different concentrations of the cationic surfactant, 

the AuNP@CTAB present different properties, which consequently change their fate. It can be 

concluded that exposing the AuNP@CTAB to cell culture media leads to the formation of different 

objects, depending on the concentration of CTAB at the NP surface. The presence of a dense CTAB 

bilayer on the AuNSs (BW, A1cW, and A2cW) and a free CTAB concentration higher than 10 μM 

led to the formation of unfolded protein agglomerates that included the AuNSs. It has also been 

shown by circular dichroism that the proteins composing the PC of the AuNP@CTAB are partially 

denatured [63, 65, 66], although the results of this study question the role of the free CTAB in 

interpreting such results.  

 

These findings should influence the design and interpretation of NPs toxicity tests. A simple 

tangible example is the widely used cytotoxicity tests in which sequential dilutions of the 

compound to be evaluated are carried out. The exposed particles would present different properties 

depending on the dilution, especially because the concentrations of interest for toxicity studies (near 

that of CTAB EC50), as shown, are in the range in which the CTAB layer undergoes more 

prominent changes.  

 

The present study demonstrated that it is not possible to directly prepare pure AuNP@CTAB 

samples without an excess of surfactant. Indeed, to avoid the aggregation of the NPs, a surfactant 

concentration in the range of the reported EC50 (2-30 μM) is needed for standard NP 

concentrations, de facto impeding a direct measurement of the cytotoxicity of the mere CTAB-

stabilized AuNPs, as entangled from the free cationic surfactant. Interestingly, the ability of AuNPs 

presenting a low dense CTAB bilayer to form a hard protein corona without leading to any 

aggregation, could be exploited as a ligand exchange strategy to prepare biocompatible AuNRs.     
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Figure 6. Exposure of the AuNSs to cell culture media (RPMI) and RPMI+10%FBS (A) UV-vis spectra at time 0 of the 

AuNSs at the different steps of purification/washing by centrifugation (CTAB ~ 75; 7.5; 0.8; 0.08; 0.008 mM) diluted 

10 times in RPMI cell culture media. (B) UV-vis spectra of the same samples after 22 h of exposure at 37 °C; the photo 

shows the AuNSs containing ~ 0.008 mM CTAB (A3cW). (C) Z potential of the AuNSs BW and A1cW before (black 

lines) and after 22 h exposure to RPMI (green rhombus). (D) UV-vis spectra of: RPMI cell culture media, RPMI added 

of 10% fetal bovine serum (FBS), and 8 mM CTAB diluted 1:10 in RPMI+FBS at time 0 and after 2 h of incubation. 

(E) Time evolution (0-22 h) of the UV-vis spectra of the AuNSs BW (CTAB 75 mM) diluted 1:10 in RPMI added of 

FBS; the photo shows the AuNSs after 22 h. (F) Time evolution (0-22 h) of the UV-vis spectra of the AuNSs A2W 

(CTAB 0.75 mM) diluted 1:10 in RPMI added of FBS. (G) Time evolution (0-22 h) of the UV-vis spectra of the AuNSs 

A3cW (CTAB 0.08 mM) diluted 1:10 in RPMI added of FBS, plus control: AuNSs A3cW diluted in mQ water at time 

0. (H) Time evolution (0-22 h) of the UV-vis spectra of the AuNSs A4cW (CTAB 0.008 mM) diluted 1:10 in RPMI 

added of FBS. (I) Conductivity (blue triangles) and Z potential of the AuNSs A3cW and A4cW (black line) and the 

AuNSs A3cW and A4cW exposed for 22 h into RPMI added of FBS subsequently purified and resuspended in water 

(orange rhombus) and in RPMI (red lines); and RPMI added of FBS (red rhombus).  
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Conclusions 

 

The results of this study indicate the presence of a dynamic equilibrium between the CTAB bilayer 

at the NP surface and the free excess in solution. The CTAB NP bilayer has a multiple, rather than a 

single nature, which has been shown to pass from providing a strong electro-steric stabilization to 

NPs to not providing enough repulsive electrostatic force to prevail over the attractive one, leading 

to NPs aggregation. This influences the fate of NPs once they are exposed to biological fluids, 

especially in respect of the formation of PCs. Moreover, obtaining a pure CTAB-NPs solution 

without an excess of free surfactant seems impossible because due to the restoration of the 

equilibrium, free surfactant will be provided by the surfactant bilayer until NPs aggregate. The 

influence of the observed multiple nature of the CTAB bilayer on the interaction of NPs with 

proteins could be exploited as a ligand exchange strategy to prepare biocompatible AuNRs. The 

physicochemical characterizations of the surface properties of the CTAB-stabilized AuNPs 

performed in this study will allow better handling of this family of NPs and improve the 

understanding of their behavior in complex media. Specifically, this study further highlights the 

importance of discriminating between the static and dynamic nature of NP coatings for the future 

development of NPs and the biological and environmental exposure modelling of NPs.   
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Chapter 4  

 

Mechanistic Studies of the Au and Ag Nanoparticles 

Environmental Corona 

 

 

 

Introduction  

 

In the last 20 years, there was an important growth in the research, development and production of 

engineered nanoparticles (NPs). It is estimated that the global market for nanomaterials will reach 

3.5 million tons in 2020 [1]. The increasing production of NPs will inevitably lead to an increased 

exposure of these nanomaterials to the aquatic and terrestrial environments [2]. Moreover NPs are 

being developed for agriculture, in the form of nanopesticides, nanofertilizers [3] or for soil and 

water remediation [4], where  they are directly and intentionally applied to the environment. This 

situation has risen reasonable concerns regarding NPs environmental fate and their ultimate impact 

on biota.  

 

NPs can be unintendedly applied to the environment through several routes from excretion of 

nanomedicines in veterinary products to the application of sewage sludge as a fertilizer carrying 

NPs [2]. NPs may enter into natural waters through industrial and urban discharges or indirectly 

from disposal of wastewater treatment plants, or through surface runoff from soils [2, 5]. It is 

generally accepted that one of the key points for a comprehensive assessment of the risks associated 

with NPs and the environment, is the detailed understanding of the behaviour of NPs into natural 

water bodies [6].  

 

The characteristic large surface area, the low coordination of atoms at the NP surface and their 

colloidal nature make that NPs present high reactivity. Due to their high reactivity, once removed 
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from their synthesis environment, NPs evolve towards a more stable thermodynamic state either via 

aggregation, interaction with the molecules present in their environment, adsorption to macro 

organic matter, chemical transformations or NP corrosion, dissolution, and speciation [7]. 

Consequently, once exposed to natural waters, when NPs are subject to interactions with the 

surrounding media including dissolved gases, electrolytes, Natural Organic Matter (NOM), 

dispersed macro, micro organic/inorganic matter and anthropogenic pollutants (e.g. soaps) [8, 9], 

they tend to rapidly aggregate unless enough organic matter is absorbed onto the NP surface 

providing steric or electrosteric repulsion. NOM consists on carbon-based compounds originated 

from the remains of living organisms and their waste products. 

 

Already in 1982 Tipping and Higgins reported that humic substances (the major fraction of NOM) 

are able to adsorb onto hematite NPs enhancing their colloidal stability, hypothesising that the 

increased stability was due to the sum of electrostatic and steric repulsive forces deriving from the 

formed humic coatings [10], subsequently confirmed by several works [11, 12]. Since then, 

numerous studies have been done on the effects of the interaction between different type of 

nanomaterials and NOM. Noteworthy, in 2007 H. Hyung et al. shown that NOM were responsible 

for the stabilization of carbon nanotubes in natural surface water [13] increasing thus their 

dispersability.  

 

Basically, it has been observed that, the dissolved fraction of NOM (DOM), have a crucial role 

acting as natural NPs dispersants as they are able to interact with the particles changing their surface 

proprieties (relaxing their surface energy) [6, 12]. The predominant part of DOM is constituted of 

humic and fulvic acids (soluble fractions of humic substances) but also comprise polysaccharides, 

proteins, lipids, and lignin [14]. Chemical characterization showed that humic substances contain a 

wide variety of moieties including carboxyl, phenol, catechol, amide, quinone, polyaromatic 

hydrocarbons, aliphatic compound and sugar moieties [15, 16], most of them able to interact with 

NPs’ surfaces. The formation of this NPs organic coating often increase the NPs colloidal stability 

[11, 17], alters NP surface charge [18], and consequently, sedimentation rate [19]. Due to the 

negative Z potential conferred by the DOM, bridging-flocculation has been observed in the 

presence of multivalent cations [18]. This depends on the molecular weight and the chemical nature 

of the DOM [20]. In analogy with the NPs Protein Corona formed in biological fluids, that confer 

colloidal stability to the NPs and determine their biological identity and fate [21, 22], we propose to 

name this organic coating the NPs’ Environmental Corona (EC). 

 

https://en.wikipedia.org/wiki/Carbon_compounds
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In the face of numerous studies, predicting NPs fate in the environment continues to remain a 

challenge [23]. In this paper a mechanistic study of the interactions of NOM with Au and Ag NPs 

was carried out. Au NPs were chosen as widely used NPs models and their numerous outstanding 

properties [24, 25] which are employed and are being developed for a wide variety of applications 

including catalysis [26], sensing [27], photovoltaics [28] and biomedicine [24]. Ag NPs were 

chosen as corrodible NPs model, in addition to be largely used as bactericidal since the beginning of 

the XX century [29] and one of the most commonly used engineered nanomaterial in consumer 

products [30].  

The formation, the nature and the resultant characteristics of the EC on metal NPs were 

characterized by the combined use of UV-vis spectroscopy, Dynamic Light Scattering (DLS) and 

Zeta potential analysis. This combination of characterization techniques provides a remarkably 

robust analysis of the interaction between natural organic matter and NPs in the colloidal state, 

investigating the shape, the dimension, the surface and the aggregation state of the particles.  

 

 

Results and Discussion  

 

Model NPs Synthesis and Characterization 

 

For these studies, highly monodisperse citrate-stabilized gold nanoparticles (AuNPs) of three 

different sizes have been synthesized (8, 15, 30 nm) following a reported kinetically controlled 

seeded-growth approach [31]. Similarly, 30 nm citrate-stabilized silver nanoparticles (AgNPs) have 

been synthesized by a modify version of the Bastús et al. protocol [32]. One of the reducers, tannic 

acid, was replaced by the smaller gallic acid, a natural antioxidant, in order to avoid the use of a 

molecule with similar features to those observed in DOM. Different from other stabilizers [33], 

citrate molecules weakly interact with the NP surface and the citrate layer is easily replaced by 

other molecules more abundant or more affine., [34]. Physicochemical characterizations of the 

synthesised citrated-stabilized NPs is reported in Figure 1 and 2. The high monodispersity allowed 

observing small modification of the physicochemical properties.  
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Figure 1. Bright field STEM images and related dimensions analysis of Au NPs (A, B, C) and Ag NPs (D). 

 

 

Natural Freshwater Model  

 

Humic substances are, among all substance found in water, sediments and soil, the majority of the 

organic matter [35]. Humic substances are identified as supramolecular association of self-

assembled heterogeneous and relatively small molecules, linked by hydrogen bonds, van der Waals 

and hydrophobic interactions. NMR and Mass Spectrometry have shown that the mean molecular 

weight of single humic molecules is hardly larger than 1 KDa [36]. In order to study the interactions 

between metal NPs and natural water components, the formation of the environmental corona (EC) 

and their consequences on the behaviours and fate of NPs, a pH 7.4 solution of a family of humic 

acids (HA) purchased from Sigma-Aldrich was chosen. The used pH was an average of the values 

found in the rivers freshwater [37, 38]. HA was additionally divided into: i) the fraction able to pass 

through a 100 KDa (~ 8 nm) ultra-centrifugation filter (FHA) and ii) the remaining retentate (RHA). 

In literature is reported that HA supramolecular associations with smaller dimension are prevalently 

composed of hydrophilic humic molecules, with a more aromatic nature and a higher content of 

carboxyl groups, instead larger HA are associations of more hydrophobic molecules, presenting a 

more aliphatic nature [39-41].  

 

Firstly, 8, 15 and 30 nm AuNPs (Figure 1) were dilute into a solution of HA with a final 

concentrations of ~ 200 μg/mL, where the pH was adjusted at 7.4 and the ionic strength to ~ 10 mM 

by adding NaCl. NPs were also exposed to the FHA and RHA fractions contained in a 200 μg/mL 
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HA solution, (~ 170μg/mL and ~ 30 μg/mL respectively). To compare the different NPs, their total 

surface area was normalized. The NPs samples after dilution into the natural water models 

presented a final total surface area of 1*10
15

 nm
2
/mL (corresponding to 5.7*10

12
; 1.3*10

12
 and 

3.9*10
11

 NPs/mL respectively for 8, 15 and 30 nm AuNPs). 

 

 

Au NPs Exposure to Humic Acid Solutions  

 

Figure 2 shows the characterizations of the AuNPs samples exposed to HA, FHA and RHA for 24h 

and then purified by centrifugation and resuspended in mQ water. To analyse the evolution of NPs, 

the presence of HA in the media interfere with its UV-vis signals, therefore purification after 

exposure to recover only the NPs and analyse their state is recommendable. Additionally, the 

purification process gives an indication of the degree of protection of the NP surface against 

aggregation, since poorly protected NPs do not resuspend after the centrifugation test. 

 

As observed, the localized surface plasmon resonance (LSPR) band of all samples systematically 

red-shifts, what is ascribed to the change of the refractive index (RI) at the vicinity of the NPs, and 

it is consistent with the spontaneous binding of organic molecules at their surface [42, 43]. To 

simplify, the values of NPs exposed to RHA are reported only in the table as present almost 

identical UV-vis spectra and DLS profiles as the HA samples.  

 

The exposition to HA and RHA led to a slightly larger red-shift than FHA. The extent of LSPR red-

shifts decreased as the size of the AuNPs increased, this observation is consistent with the higher 

sensitivity to surface modifications of small NPs [44]. No increases in the absorbance at longer 

wavelengths or rise of new peaks were observed, what was a clear indication of absence of NPs 

aggregation [45], also supported by the DLS analysis, where only evidences of a small increase, 

consisting with the NP coating, were observed. From the DLS data is possible to assert that the 

thickness of the EC was in the range of 1nm. This result was not in line with the larger dimension 

reported and observed for the HA (especially for the RHA fraction), however it must be taken into 

consideration that HA are supramolecular association of self-assembled relatively small molecules 

[36]..   

The DLS results suggested that the AuNPs were able to sequester single molecules from the 

supramolecular HA assembly, interfering with their linking interactions (hydrogen bonds, van der 
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Waals and hydrophobic interactions [36]), hypothesising a major affinity NPs - HA “monomer” 

than the HA “monomer” between them. 

 

 

 

 

Figure 2. UV-vis spectroscopy and Dynamic Light Scattering characterizations of: citrated stabilized AuNPs (Black 

dash); AuNPs exposed, for 24h and then purified by centrifugations, with HA (Red), FHA (Blue) and RHA (Green). 

(A) AuNPs 8nm; (B) AuNPs 15nm; (C) AuNPs 30nm. The UV-vis spectra were normalized by the LSPR maximum. In 

the tables are reported: λ of the LSPR peak, the hydrodynamic diameters and the poly dispersion index (PdI) that were 

calculated by cumulant analysis (Z-Ave) and the hydrodynamic diameters distribution by intensity calculated by non-

negative least squares (NNLS) analysis.  

 

 

Figure 3 shows the Z potential analysis at several pH of 15nm AuNPs before and after the exposure 

to HA. The conductivity of the samples was adjusted to ~ 0.7mS/cm. The Z potential of both 

samples remained negative in all pH range with values between -20mV and -50mV for the pristine 

NPs and reach -60mV after exposure to HA. These results are in good accordance with the reported 

pKa of sodium citrate and the humic acids [46]. No reliable difference in Z potential were observed 

between the same sample dispersed in the media or purified and re-suspended in water, apart from a 

slight more negative values (attributed to the lower conductivity), indicating the effective coating of 

the AuNPs by humic substances. Once exposed to HA, NPs colloidal stability, monitored by DLS, 

was not affected by the different pH. Only below pH ~ 2 a small and really slow increase of the 
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hydrodynamic radius was observed. Note also that below pH ~ 3.5 the colloidal stability of citrate-

stabilized NPs is seriously compromised.  

 

Figure 3 Z potential measurement of 15nm AuNPs before (black-squares) and after been exposed (24h) to HA (Red-

triangles) at different pH. The lines connecting the points are displayed for better following of the data trends.  

 

The observed red-shifts, the increase of the particles size and the Z potential measurements, 

confirmed the interaction of AuNPs and humic acids and the formation of an organic coating on top 

of the particles. The observed small differences between FHA and RHA suggest that the formed 

ECs could present different properties.   

 

 

Environmental Corona Dependence on the HA to NPs Concentration Ratio 

 

The concentration of HA in solution was measured by UV-vis and the HA solution did not show 

any significant difference compared with the NP+HA solution purified from the NPs by 

centrifugation (Figure SI-1), meaning that the amount of humic acids in solution was largely in 

excess in comparison to the ones adsorbed onto the NPs. Thus, in order to study the correlation 

between the HA concentration and, the formation and final stabilizing nature of the NPs EC, a fix 

concentration of 15 nm AuNPs (final total surface area of 1*10
15

 nm
2
/mL) were expose, for 7 days, 

to decreasing concentrations of HA.  

Each samples were then exposed to 250 mM of NaCl (Figure 4 A – Red circles) to screen 

electrostatic charges and force aggregation of electrostatic stabilized NPs. The extent of aggregation 

was systematically quantified from UV-vis spectra, by calculating the aggregation parameter (AP) 
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according to L vy et al. [47], described in the materials and methods. The AP is basically related to 

the extent of the second UV-vis peak, typical of AuNPs aggregates, ascribable to plasmon coupling 

[48] and light scattering effects. AP values higher than 0.5 indicated significant aggregation.  

Results showed that a large excess of HA in solution, was needed to reach the complete degree of 

surface coating. 

  

As expected, the colloidal stability was largely affected by the degree of surface covering, and it 

was observed that about the 80% was necessary to reach a stabilization at 250 mM of NaCl. These 

observations, highlights (in line with the previous literature [10]) that when the EC is formed, the 

system hold also a steric repulsion stabilization component.  

 

The concentration of HA shown to form a complete coating for all the exposed NPs is 

representative of really high NOM content natural water. Due to the different origins and process of 

decomposition, DOM concentration ranges from 0.2 to ~ 150 µg/mL, [49-57]. Contemporaneously, 

the tested concentration of NPs represent a high dose of nanomaterial, compared with the ones 

found in the environment [2].  

 

Thus, the influence of the total concentration of HA and NPs on the formation of a complete EC 

was studied. Maintaining the same ratio NP/HA found to lead to a complete EC, 15 nm AuNPs and 

its corresponding HA were mixed. The samples were exposed to 250 mM NaCl, and their 

experimentally measured APs are shown in Figure 4 B. The previous experiment showed that the 

exposure of 1*10
15

 nm
2
/mL of 15nm AuNPs to 200 μg/mL of HA lead to a humic coating able to 

totally stabilize the NPs against 250 mM of NaCl. When the NPs concentration was reduced to the 

5% and also the concentration of HA (10 μg/mL), the resultant EC showed good stability 

properties. When only the HA was reduced to 50 μg/mL, and the 15 nm AuNPs concentration kept 

identical NPs aggregated in presence of NaCl (Figure 4A - red). The results confirmed that the 

formation of a dense EC is dependent on the HA to NPs concentration ratio almost independently 

from the absolute amount of HA. 
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Figure 4. (A) Delta of LSPR Red-shift after 7 days of incubation of 15nm AuNPs to growing concentration of HA 

(black-squares); experimentally measured aggregation parameters (AP) of the same sample exposed to NaCl 250mM 

(red-circles). (B) Experimentally measured AP of decreasing concentration of 15nm AuNPs exposed to HA (7 days) 

successively exposed to NaCl 250mM, a fix ratio between NPs and HA was maintained. The lines connecting the points 

are displayed for better following of the data trends. 

 

 

FHA and RHA Contribution 

 

In order to analyze the contribution of each of the two identified HA subfamilies in the electro-

steric stabilizing EC, aggregation kinetics (first 30 min after mixing) of AuNPs exposed to NaCl 

after 7 days of incubation with either FHA or RHA was monitored by UV-vis spectroscopy. AuNPs 

were exposed to FHA at two concentrations ~ 170 μg/mL (concentration contained in 200 μg/mL of 

the whole HA) and ~ 350 μg/mL (to further increase the ratio HA/NP). Also, two concentrations of 

RHA were tested ~ 30 μg/mL of RHA (corresponding to the concentration present in 200 μg/mL of 

the whole HA) and ~ 200 μg/mL (to compare with the [HA]). Samples coated with FHA were not 

stable at high ionic strength (Figure 5-A, B), showing a typical AuNPs aggregation profile with the 

comparison of a second LSPR peak, ascribable to the coupling of the plasmon modes of individual 

NPs when they come into contact [45]. Besides, AuNPs exposed to the 30 μg/mL RHA present an 

initial destabilization but then remain stable over time (Figure 5-C), with a spectral profile 

attributable to discrete NP aggregates where NPs are not in direct contact between them [58]. When 

NPs were exposed to 200μg/mL RHA, they did not present any sign of aggregation (Figure 5-D). 

The observed differences in the initial UV-vis spectra (before the NaCl addition) were due to the 

different concentration and types of humic acids background. Results indicate that was the sum of 

RHA and FHA that led to electro-steric repulsion stabilizing the NPs. 
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Figure 5. Colloidal stability vs 250mM NaCl of 15nm AuNPs incubate with FHA and RHA in different concentrations. 

UV-vis spectra of the NPs samples before the exposition to NaCl (black lines) and over time after NaCl addition (from 

red to orange, t0 - t30 minutes). (A) AuNPs exposed to FHA (170μg/mL) for 7 days (aggregation kinetics followed for 

10 min); (B) AuNPs exposed to FHA (350 µg/mL) for 7 days; (C) AuNPs exposed to RHA (30μg/mL) for 7 days; (D) 

AuNPs exposed to RHA (200μg/mL) for 7 days. 

 

Influence of the NPs Size 

 

Next, the effect of NPs size on the stabilizing properties of the EC was explored. The APs of the 

three different AuNPs sizes exposed first to HA and then to high salty media (250 mM and 600 mM 

NaCl), are shown in figure 6. NPs were previously normalized by total surface area and were 

exposed to an equal concentration of HA (200 μg/mL) for the same period of time. It is possible to 

notice that the stability decreased as the diameter of the AuNPs increased, despite concentration of 

larger NPs was lower, clearly indicating of a size effect on the properties of the EC. 
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Figure 6. Experimentally measured aggregation parameters of 8nm, 15nm, 30nm AuNPs exposed to HA for 24h, then 

exposed to NaCl 250mM (black squares) and 600mM (red triangles).  

 

 

Environmental Corona Accessibility 

 

The stability of the EC and the accessibility to the NPs surface can change their proprieties (e.g. 

catalysis) [59]. To analyze this point, we exposed aged AuNPs-HA to 11-mercaptoundecanoicacid 

(MUA), a model thiol-terminated molecule widely used to build self-assembled monolayers onto 

AuNPs and 11-aminoundecanoicacid (AUA), the same molecule amino-terminated. These thiol and 

amino groups bind strongly to gold surfaces [60, 61]. Thus, AuNPs with a totally formed EC were 

exposed to MUA and AUA and then to 250mM NaCl. The experiments were followed over time by 

UV-vis spectroscopy (Figure 7). In control experiments, AuNP@MUA and AuNP@AUA 

aggregated in 250 mM NaCl (data not shown). Once exposed to MUA, particles coated by HA lost 

their stability and clearly underwent aggregation. Conversely, when NPs were in presence of AUA, 

they maintained their electro-steric stability. This indicates that small molecules were able to reach 

the NPs surface, but only highly AuNP surface affine groups as such as SH were able to displace 

the humic molecules. 
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Figure 7. UV-vis spectra over time (from t0 to t90min) of 15nm AuNP incubated 7 days with HA: (A) exposed to 

250mM NaCl (in this ionic strength condition, the NP+HA are stable), later expose to mercaptoundecanoic acid 

(MUA); (B) exposed to 250mM NaCl, later expose to aminoundecanoic acid (AUA).  

 

 

Time Evolution of the NPs Environmental Corona 

 

Exposure time is an important parameter that has to be taken into consideration to build a NPs 

environmental model. In order to study the influence of the time on the formation and property of 

the EC, the adsorption kinetics of HA, RHA and FHA on AuNPs were monitored by UV-vis 

spectroscopy following the red-shift of the LSPR peak and the increase of the absorption values at 

the LSPR maximum (Figure 8 - A, B, C), both indicative of local RI changes [42], ascribable in this 

case to humic acid-NP interactions. In this case, samples were not purified, the concentration of HA 

was 200μg/mL and the total surface area of the NPs was 1*10
15

 nm
2
/mL. The results showed that 

there was a time evolution in the formation of the EC, probably indication of a transition from a low 

dense coating to a more packed and structured one. This has been also observed with NPs and 

proteins [34]. In case of  HA and RHA around 15 h were needed to observe a stable plateau and for 

the NPs exposed to FHA just around 8h. Is worthy to notice that the LSPR-shifts were the same as 

those observed in the final purified samples. The samples were then monitored for the next two 

weeks: no changes were observed over time.  

 

The dependence of the colloidal stability from the observed time evolution of the EC was assessed 

comparing the aggregation profile of: i) AuNPs exposed to a mix solution of HA and NaCl 

(250mM); ii) AuNPs exposed first to HA and immediately after to NaCl, and iii) AuNPs exposed to 

HA for 24 hours and then to NaCl. A total absence of stabilization was observed when NPs were 
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directly mixed to a salty HA solution indicating that once destabilized, NPs aggregate faster that 

they can absorb HA and get protected against aggregation (Figure 8 D). Thus, if HA arrives first to 

the NPs, it has the opportunity to stabilize them. As expected, stability increased with NP-HA pre-

incubation time (Figure 8 E-F).  

 

 

 

Figure 8. Adsorption kinetics of HA (A), RHA (B), FHA (C) on 15nm AuNPs monitored by UV-vis spectroscopy from 

time 0 to 1000 minutes. LPSR peak evolution (blue-squares); trend of the Absorption at the LSPR maximum (red-

triangles). Effect of the EC time evolution on the colloidal stability vs NaCl, followed over time (t0-1h) by UV-vis 

spectroscopy: (D) AuNPs exposed to a solution of HA and NaCl; (E) AuNPs exposed to HA for few seconds (t0); (F) 

AuNPs exposed to HA for 24 hours. 

 

 

“Hard and Soft” Environmental Corona 

 

Several types of interactions have been described to occur between NPs and the broad spectrum of 

their coating molecules, depending on their chemical nature from weak Van der Waals interactions 

to strong covalent bonds passing by hydrophobic interactions. A dynamic surface coating causes the 

NPs to present different natures depending on the concentration of free coating molecules in 

solution, consequently, decrease (or increase) of stabilizer concentration will led to NP coating 

alteration and NP loss (or gain) of colloidal stability [62]. The concentration range of humic 
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substance in natural waters undergoes important variations depending of the natural water region, 

the seasons of the years, and the different rivers segment [36, 63, 64].  

 

As previously observed, an excess of HA, compared to the amount adsorbed on the particles, is 

needed to form a complete EC. Thus, the effect of removing the excess of HA, or RHA, was also 

investigated. AuNPs were exposed to HA (200 μg/mL) or to RHA (200 μg/mL) for 7 days than 

purified by centrifugation and resuspended in mQ water. Interestingly once purified of the HA, or 

RHA, in excess, the NPs started aggregating when exposed to NaCl. In the HA case, the spectra 

changes over time with the appearance of a shoulder around 580 nm (clear sign of aggregation) and 

after about 25 minutes the aggregation process it stopped, indicating a new stable state with discrete 

NP aggregates (Figure 9-A). Similar results were obtained purifying the samples exposed to RHA 

(Figure 9-B), also in this case the samples stability was compromised. The time evolution profile 

were different from the aggregates deriving from the addition of NaCl to citrate-stabilized AuNPs 

(Figure 9-C), that showed a faster and continuous aggregation with the appearance of a second 

LSPR peak at around 670 nm that rapidly red-shifted over time, typical of the coupling of the 

plasmon modes of individual NPs when they come into contact [45]. In this case, we observed the 

formation of composites AuNP-HA that may remain in solution (depending on the final aggregate 

size).  

 

The formed aggregates presented different spectra due to the presence of organic layers between the 

AuNPs that influence their plasmonic properties.  The persistence of the red-shift after purification 

(Figure 2) suggested that, at least, part of the humic acid interacting with the NPs were not in 

equilibrium with the free one, consequently forming a persistent “hard” corona. However, the 

stability properties were observed to be highly dependent on the concentration of free humic acid. 

This result is in line with the existence of a dynamic equilibrium between a part of the EC and free 

humic substances in solution, consequently, when the excess of HA is removed a displacement of 

the equilibrium occur and the involved molecules desorb from the surfaces to restore the 

equilibrium, highly influencing the surface properties.  

 

Combining these observations, one could describe the NP coating as having a fraction of humic 

molecules permanently associated with the NP surface onto which a dynamic coating of other 

humic substances exists, forming the  “soft” part of the corona (Scheme 1). The association of the 

more hydrophilic moieties to the NP surface may increase the exposure of hydrophobic residues 
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that interact, in a detergent-like manner, with the formed HA layer forming a vesicle-like double 

layer.  

 

   

 

Figure 9. Colloidal stability vs 250mM NaCl of AuNPs-HA and AuNPs-RHA samples purified from the excess of 

humic acids in solution. UV-vis spectra of the NPs samples before the exposition to NaCl (black lines) and over time 

after NaCl addition (from red to orange, t0 - t30 minutes). (A) AuNPs exposed to HA for 7 days than purified by 

centrifugation; (B) AuNPs exposed to RHA (200μg/mL) for 7 days than purified by centrifugation; (C) Control sample: 

AuNPs stabilized by sodium citrate.  

 

The proposed model somehow recalls the “Zonal model” of organo-mineral interactions in water 

claimed by Kleber et al. [65] in 2007. Several works associate the supramolecular structure of the 

soluble mixtures of organic molecules to a micellar-like/pseudomicellar model suggesting that 

many of these molecule are amphiphilic [66-68]. Starting from this consideration and from the 

“Wershaw bilayer model” [69], Kleber et al. proposed a generally applicable concept of the zonal 

structure of organo-mineral associations been able to take into account simultaneously several 

phenomena observed in soils and sediments: “A zonal structure is formed when the organic matter 

attached to a mineral surface, it is segregated into more than one layer or zone of molecules, such 

that not all adsorbed molecules are in contact with the mineral surface […] the  thickness  of  the  

outer  layer is likely to depend more on input of organic materials than on the availability of 

binding sites, and to  be  largely   controlled  by  exchange  kinetics.” [65].  
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Scheme 1. Environmental corona time evolution, the “hard”+”soft” model and the consequent 

effect of mono and divalent cations.  

 

 

Impact of Ca
2+

 and Mg
2+

 

 

Looking at natural waters composition, other important components that have to be taken into 

consideration are the mineral ions, acting with their different Debye length. It was reported in 

literature that divalent cations, in particular Ca
2+

 is able to induced the aggregation of NOM-coated 

NP in concentration ranging between 40-60 mM [18] and it is well known that divalent cations are 

able to aggregate anionic NPs bridging them [70]. However, the mean Ca
2+ 

concentration present in 

river waters of the different region of the world have been reported vary from 0.1mM to 0.8mM 

[71] with peak around 2mM in few areas [72], the second most abundant divalent cations, the Mg
2+

 

from 0.06mM to 0.23 mM and the Na
+
 from 0.13 to 0.48 mM [71]. In the oceans the Ca

2+
, Mg

2+ 
and 

Na
+
 mean concentrations have been reported to be 10.3 mM, 52.8 mM and 469.0 mM [73].  

 

Thus, the impact of Ca
2+

 and Mg
2+

 natural concentrations on HA-stabilized NPs at the different 

stages of the NPs EC time evolution was assessed. Moreover, the role of the dynamic part of the 

EC, the “soft corona”, on the NP-HA interaction with divalent ions was also studied. As a control, 
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citrated-stabilized AuNPs were added to growing concentrations of Ca
2+

 (Figure 10-F), at 0.1mM of 

the divalent ion, a small destabilization was observed and the aggregation was more prominent at 

growing concentration of Ca
2+

, and over time (data not shown), at 1mM already at time 0 a strong 

NP aggregation was observed. 

  

To assess the effect of the divalent ions when present at the initial exposure moments, AuNPs at 

1*10
14

 nm
2
/mL of total surface area were exposed to a mix solution of 20 µg/mL HA and growing 

concentration of Ca
2+

. The samples were characterized at time 0 and after 24h by UV-vis 

spectroscopy and DLS analysis (Figure 10-A, B). Both used techniques showed that until 1 mM of 

Ca
2+

 the particles did not present significant signs of aggregation, and after 24h, just a small red-

shift was observed attributable to the EC evolution. DLS measurements showed an increase in the 

size of around 10-15 nm in the sample exposed to 1 mM Ca
2+

, too small to be due to an 

aggregation, consistent with additional HA layers (vide infra). Instead, at 5mM of Ca
2+

, a clear NP 

aggregation was observed.  

When NPs with a pre-formed EC were exposed to Ca
2+

 the UV-vis characterization at time 0 did 

not show any NP aggregation, even at 350 mM of the divalent ion, but a consistent red-shift was 

observed when Ca
2+

 was added. The shift increased as the salt concentration increased reaching a 

plateau after 13nm shift for concentration of 5mM Ca
2+

 and higher (Figure 10-C). The DLS data 

showed a small increase of the NP diameter of few nm when exposed to [Ca
2+

] from 0.1 to 0.5 mM, 

around 10-15 nm in presence of 1 mM, however, a large NP diameter increase was observed after 

exposure to 2.5mM [Ca
2+

] clear indication of NP aggregation (Figure 10-D). In these samples, the 

spectra at 24h did not show relevant sing of the presence of plasmonic NP (Figure 10-C red line) 

and a reddish precipitate was observed (Figure 10-C photos). Interestingly once the precipitates 

were shaken the initial spectra were recovered (Figure 10-C red dash). Fast flocculation of the 

samples is a clear indication of the presence of large aggregates, as 15 nm AuNPs needs months to 

sediment. Typically, AuNPs aggregation lead to loss of the plasmonic resonance. This fact indicate 

the formation of a kind of HA-AuNPs composite where the NPs did not enter in contact among 

them (at distance higher that their plasmon coupling, about one diameter [74]). This explains the 

precipitation of the AuNPs without affecting significantly their plasmonic properties. The identified 

red-shift also when no aggregation was observed and the corresponding small increase in the 

diameters suggested the formation of a more dense and thick EC due to the attraction of new HA 

molecules forming additional coating layers. This phenomenon could be ascribed to the linking 

properties of the divalent ions, which though presented a concentration not sufficient to bridge NPs 

between them.  
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Finally, AuNPs exposed to HA, aged and then purified from the excess of HA, showed signs of 

aggregation already starting from 0.1mM of Ca
2+

. Furthermore at 5 mM, the UV-vis spectra showed 

a totally different profile compared to the not purified NPs, evidenced by a transition from a reddish 

to a blue color of the sample (Figure 10-E photo). Similar results have been observed adding 

MgSO4 to the different NPs’ samples (Figure SI-2).  

 

 

 

Figure 10. Influence of growing concentration of CaCl2 on the NPs’ colloidal stability. (A-B) UV-vis spectra and DLS  

characterization (t0, t24h) of citrate-stabilized AuNPs (UV-vis black line) expose to a mix solution of HA (20 µg/mL) 

and growing concentration of CaCl2 (from 0.1mM to 5mM, UV-vis a time 0 from light blue to blue and 5mM at time 

24h red and red-dash once shaken). (C-D) UV-vis spectra and DLS characterization (t0, t24 h) of citrate-stabilized 

AuNPs expose for 24h to 20 µg/mL HA (UV-vis black line) subsequently added of growing concentration of CaCl2 

(from 0.1 mM to 350 mM), UV-vis red line shows the sample added of 5mM CaCl2 after 24 h and red dash line the 

same sample shaken. The photos show the sample added of 5 mM CaCl2 at time 0, after 24 h and time 24 h shaken. (E) 

UV-vis spectra of citrate-stabilized AuNPs expose for 24 h to 20 µg/mL HA (UV-vis black line) subsequently purified 

by the excess of HA by centrifugation, then added of growing concentration of CaCl2 (from 0.1 to 5 mM). The photos 

show the sample after the purification and after the addition of 5 mM CaCl2. (F) UV-vis spectra of control citrate-

stabilized AuNPs added of CaCl2 (from 0.1 mM to 1 mM).  
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Ag NP Environmental Corona 

 

Similar exposure studies with AgNPs were also performed in order to investigate the formation of 

the EC and to understand the effect of the organic coating on the corrodibility of AgNPs, since 

humic substances are often reducers. Note that the main employed effect of these NPs are 

associated with the release of Ag ions [29]. The physicochemical characterization of AgNPs 

exposed to HA showed evidences of the formation of the NPs EC, with a systematic red-shift of the 

LSPR and a small increase of their size (Figure 11 A, B), both comparable with the ones observed 

for the AuNPs. UV-vis spectra over time of AgNPs coated with HA in presence of NaCl were 

performed (Figure 11 C). The same sample was also de-oxygenated by bubbling N2 into the 

colloidal solution in order to avoid oxidation and consequent corrosion (Figure 11 D). Interestingly, 

the experiment performed in ambient atmosphere evidenced aggregation already at 50mM NaCl, 

conversely, when changed to a N2 atmosphere, the colloidal solution is stable against NaCl at 

50mM. The results indicate that the EC is not able to prevent particles corrosion leading to the 

detachment of the stabilizing humic layer. Consequently, the AgNPs EC has a similar characteristic 

than the one formed on the AuNPs but their corrodibility brings them to a totally different 

behaviours and fate, unless that being in hypoxia condition. The corrosion of AgNPs also in 

presence of humic substance is totally in line with the numerous evidence of corrosion of AgNPs in 

the environment that mainly leads to the formation of insoluble Ag2S species [29].     
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Figure 11. (A, B) UV-vis spectroscopy and Dynamic Light Scattering characterizations of: citrated stabilized AgNPs 

(Black dash) AgNPs exposed, for 24h and then purified by centrifugation, with HA (Red). (C-D) UV-vis spectra over 

time (from t0 to t30 minute) of 30nm AgNPs exposed to HA, then exposed to NaCl 50mM: (C) AgNPs exposed to HA 

for 7 days; (D) AgNPs exposed to HA for 7 days than bubbled by N2 in order to remove O2. 

 

 

LUFA 2.2. Freshwater model 

 

In order to test the suitability of HA as a standard model for the interaction between NPs and natural 

water, AuNPs were exposed to a solution/dispersion of dissolved and dispersed (particulate) organic 

matter (DOM+POM) extracted from LUFA 2.2 soil mud (pH 7.4), eliminating by centrifugation the 

macro organic and inorganic matter. To study the influence of the presence of POM, NPs were also 

exposed just to the DOM fraction, filtering at 0.2 µm the previous solution/dispersion (Lufa). As for 

the HA mixture, a red-shift was observed (2 nm) suggesting the formation of an EC on the NPs 

(Figure 12-A). The sample were stable for at least several weeks. NPs at different time exposure to 

Lufa, and the aged sample purified by the excess of DOM were exposed to NaCl. The 

corresponding experimentally measured aggregation parameters (Figure 12-B) followed the same 

trend observed for the previous experiments on HA exposure, showing as the aged not purified 

samples presented a complete stability even at really high NaCl concentrations (600 mM). The 

purified samples lost their stability and the short time exposure to the organic media did not prevent 

the particles from aggregation. The decrease of steric stabilization when the excess of free organic 

matter was removed is in good accordance with a partial dynamic equilibrium of the coating outer 

layer with the free DOM. The results are totally in line with the NPs behaviours observed when 

exposed to HA strengthen the proposed model. No significant differences were observed if the 

POM were present.  

 

AuNPs were finally exposed to the complete LUFA 2.2 soil mud (mud) to further test the proposed 

model in presence of macro organic and inorganic matter. After two days of incubation under 

stirring, the sample was purified from the macro components by mild centrifugation and 

characterized by UV-vis spectroscopy (Figure 12-C). The NPs did not presented any sign of 

aggregation, the base line was higher due to the presence of remaining particulate and macro 

organic/inorganic matter. Once exposed to NaCl, the particles presented the characteristic colloidal 

stability due to the formation of the NPs EC. The purified sample lost colloidal stability in presence 

of NaCl (600 mM), in line with all previous experiments.  
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The AuNPs were then exposed for 21 days in the LUFA mud, over time aliquots were collected. 

Each aliquot was centrifuged at low speed in order to remove the macro components and the 

concentration of Au in solution in each aliquot was quantify by inductively coupled plasma mass 

spectrometry (ICP-MS) (Figure 12-D). After the third day, the NPs recovered in the supernatant 

started to decrease. After 21 days around the 40% was still present. As the exposition of the AuNPs 

to the DOM + POM from LUFA 2.2 did not show any sign of destabilization after several weeks, 

the presence of macro organic and/or inorganic matter seems responsible to the observed loss in Au 

content. This means that the NPs are able to interact and adsorb onto macro organic and/or 

inorganic matter and sediment with them.  

            

 

Figure 12. (A) UV-vis spectra of 15nm AuNPs before and after the exposure to Lufa extract; (B) Experimentally 

measured aggregation parameter in presence of NaCl 600mM of the NPs at different time of exposure to the organic 

media and after their purification form the DOM excess. (C) UV-vis spectra of 15nm AuNPs (black) after the exposure 

to Lufa Mud (t2d) and exposed to NaCl (red); purified AuNPs exposed for 2 days to Lufa Mud (green) and their over 

time exposure to NaCl (green dash). (D) Over time ICP-MS quantification of AuNPs recovered after exposure to Lufa 

Mud and centrifugation at low speed in order to remove the macro components.     
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Conclusions 

 

The results presented in this chapter highlights the changing nature of NP coating and NP 

aggregation state when NPs are exposed to different concentrations and types of ions and  natural 

organic matter. The observed time evolution of the EC and its partial dynamic equilibrium with the 

excess of DOM in solution showed to influence the electro-steric stabilizing properties of the 

organic coating. The EC, in all its observed time evolution stages, showed to avoid the mono and 

divalent ions driven NP aggregation in the range of concentrations reported to be present in the river 

water. However, unlike Na
+
, the concentration of divalent ions bridges NPs at concentrations that 

can be found in few rivers and clearly in the high salty seas and oceans. Interestingly, once an 

aggregative concentration of divalent ions was present it has been evidenced the formation of NP-

HA composite where part of the physicochemical properties of the NPs were maintained as they 

were not in contact between them. The retention of part of the NP characteristic is important to be 

highlighted as the divalent ions NPs-bridging did not mark the end of the nano-materials and its 

related properties. In this case was evident the retention of the plasmonic properties but other 

important properties related to the presence of single particles can be likely maintained, with a 

possible consequent impact on the NPs’ environmental effects. Moreover, as to be taken into 

account that a decrease in the concentration of free HA influences the stabilizing nature of pre-

formed EC with also consequences on the types an properties of resulting NPs aggregates.  

 

Results showed that both component of the corona were responsible and necessaries for the 

observed electro-steric stability proprieties. Moreover, the EC features also depend on the chemical 

properties of the humic acids as shown by the important role of the RHA in the EC stabilizing 

nature (Figure 5). The formation of NPs EC depends on the initial exposure conditions but also on 

the successive environmental characteristics that the NPs will undergo. Formulating an example, 

NPs exposed enough time to a natural water with high humic substances concentration and low 

ionic strength will easily undergo the formation of a dense stabilizing EC that will make them 

“soluble”. However, their surface will change, losing the “soft” corona, once the NPs will reach, for 

example, the low humic concentrate and salty oceans.      

 

This study could help to predict the NPs fate in the environment, associating the different properties 

of natural waters with NPs exposure models. This model can help to understand the NPs 

environmental exposition and predict their fate. 
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Annex I 

 

Materials and Methods 
 

 

M&M - Chapter 2 

 

Chemicals.  

Tetrachloroauric(III) acid trihydrate (99.9% purity), sodium citrate tribasic dihydrate (≥99%),  

RPMI-1640 R7509 (with sodium bicarbonate, without L-glutamine and phenol red, liquid, sterile-

filtered, suitable for cell culture), Phenol Red (powder, suitable for cell culture), Penicillin-

Streptomycin (Solution stabilized, with 10,000 units penicillin and 10 mg streptomycin/mL, sterile-

filtered, BioReagent, suitable for cell culture), L-glutamine and β-mercaptoethanol (≥99.0%) were 

purchased from Sigma-Aldrich. Fetal Bovine Serum, FBS (research grade, 1riple 0.1 micron 

filtration) was purchased from ThermoFisher scientific. All reagents were used as received without 

further purification, all plastic material was sterile grade and all glass material was sterilized in an 

oven prior to use. Autoclave sterilized Milli-Q water was used in the preparation of all solutions. Cell 

culture medium (CCM) consisted of RPMI supplemented with 10% of FBS. Au NPs and CMM 

were mixed and placed in an incubator at 37°C for different incubation times.  

 

Nanoparticle Synthesis and Purification.  

 

Aqueous solutions of citrate-stabilized AuNPs with were synthesized according to the previously 

developed seeded-growth method in our group. Detailed synthetic procedure can be found in the 

article [28]. Briefly, 150mL of sodium citrate aqueous solution was brought to a boil in a three necks 

flask under reflux, subsequently 1mL of 25mM HAuCl4 was injected in the citrate solution. After 

few minute the solution become reddish, synonymous of Au NP formation (~ 10nm, seeds), 

afterwards different sequential steps of growth, consisting of sample dilution plus further addition of 
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gold precursor leaded to the desired Au NP size. Au NPs purification was performed centrifuging 

the NPs at 15000g for 15 min, followed by resuspension in the particle original medium (sodium 

citrate 2.2 mM).  

 

Physicochemical Characterization of the NPs and NPs-Protein Corona.  

 

Au NPs and the time evolution of their coating by proteins were characterized before and after 

exposure to CCM using different techniques. The proper combination of these techniques has been 

used in other similar studies by our group [3] and proven to be reliable when performed with 

adequate controls. Electron Microscopy. Diameter of the synthesized particles was obtained from 

analysis of Scanning Electron Microscopy (SEM) with FEI Magellan XHR SEM, in transmission mode 

operated at 20 kV. Samples were prepared by drop-casting 4μL of the sample on a carbon-coated 

copper TEM grid and left to dry at room temperature. At least 500 particles from different regions of 

the grid were counted. In order to avoid aggregation of the particles during TEM grid preparation 

they were previously conjugated with 55KDa polyvinylpyrrolidone (PVP). UV-Vis Spectroscopy. 

UV-Vis spectra were acquired with a Shimadzu UV-2400 spectrophotometer. 1 mL of sample was 

placed in a plastic cuvette, and spectral analysis was performed in the 300−750 nm range at room 

temperature. UV-Vis absorption spectra of AuNPs is due to NPs localized surface plasmon 

resonance (LSPR) that is the collective oscillation of the metallic surface electrons, highly sensitive 

to the NP environment. Local refractive index changes produce a shift of the LSPR, red-shifts are 

observe in case of a RI increase around metal, such as those induced by protein adsorption on NP, 

vice versa a IR decrease produce a blue-shift, therefore the changes in the close environment of the 

NPs can be investigated using this technique [36]. Water was taken as there reference for all samples. 

Size and Zeta Potential Measurements. The hydrodynamic diameter and Z potential of the AuNPs 

before and after incubation in CCM were determined by Dynamic Light Scattering, and Laser 

Doppler Anemometry, respectively, using a Malvern Zetasizer Nano ZS instrument equipped with a 

light source wavelength of 532 nm and a fixed scattering angle of 173°. Diameters were reported as 

distribution by intensity calculated by non-negative least squares (NNLS) analysis. The software was 

arranged with the parameters of refractive index and adsorption coefficient of gold, and solvent 

viscosity of water at 25°C.  

 

Liquid chromatography-Mass spectrometry analysis (LC-MS) 
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Sample preparation and in-gel-digestion. The proteins composing the NP PC were then recovered 

by boiling for 10 min with 20 μL of 10% SDS, followed by centrifugation at 15000G for 20 minutes. 

The supernatant was separated and run on a 10% SDS-PAGE gel. Electrophoresis was stopped when 

the sample had run completely through the upper stacking gel, and about half a centimeter into the 

resolving gel. The gels were stained with colloidal Coomassie blue. The acrylamide sections 

containing the protein mixtures were cut from the gel and subjected to trypsin digestion using 

modified porcine trypsin (Promega, Madison, WI). Briefly, stained gel fragments were cut into small 

pieces, washed with 200 μL of 50 mM ammonium bicarbonate/50% ethanol 200μL for 20 min and 

dehydrated with 200 μL of ethanol for 20 min. Reduction and alkylation was performed by 

incubating samples with 200 μl of 10 mM DTT in 50 mM ammonium bicarbonate for one hour at 

56°C, followed by alkylation with 200 μl of 55 mM Iodoacetamide in 50 mM ammonium 

bicarbonate for 30 minutes, protected from light. The gel pieces where then washed with 200μL of 

25 mM ammonium bicarbonate for 20 min, and dehydrated with 100μL of acetonitrile for 10 min. 

Then 300 μL of 2.7 ng/μl trypsin in 25 mM ammonium bicarbonate solution was added to rehydrate 

and fully cover the acrylamide pieces.Trypsin digestion was run overnight at 37°C. Peptide 

extraction was carried out by addition of 150μL of acetonitrile, followed by incubation for 15 min at 

37ºC, and then addition of 500μL of 0.2% TFA, and further incubation for 30 min at r.t. The eluted 

peptides were dried in a SpeedVac and stored at -20°C until analyzed by liquid chromatography-

mass spectrometry. LC-MSMS analysis. Tryptic digests (1/3 of the sample) were analyzed using a 

linear ion trap Velos-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 

Instrument control was performed using Xcalibur software package, version 2.2.0 (Thermo Fisher 

Scientific, Bremen, Germany). Peptide mixtures were fractionated by on-line nanoflow liquid 

chromatography using an EASY-nLC 1000 system (Proxeon Biosystems, Thermo Fisher Scientific) 

with a two-linear-column system. Digests were loaded onto a trapping guard column (Acclaim 

PepMap 100 nanoviper, 2 cm long, ID 75 μm packed with C18, 3 μm particle size from Thermo 

Fisher Scientific) at 4 μL/min. Then, samples were eluted from the analytical column (25 cm long, 

ID 75 μm packed with Reprosil Pur C18-AQ, 3 μm particle size, Dr. Maisch). Elution was achieved 

by using a mobile phase from 0.1% FA (Buffer A) and 100% acetonitrile with 0.1% FA (Buffer B) 

and applying a linear gradient from 5 to 35% of buffer B for 60 min at a flow rate of 300 nL/min. 

Ions were generated applying a voltage of 1.9 kV to a stainless steel nano-bore emitter (Proxeon, 

Thermo Fisher Scientific), connected to the end of the analytical column, on a Proxeon nano-spray 

flex ion source. The LTQ Orbitrap Velos mass spectrometer was operated in data-dependent mode. 

A scan cycle was initiated with a full-scan MS spectrum (from m/z 300 to 1600) acquired in the 

Orbitrap with a resolution of 30,000. The 20 most abundant ions were selected for collision-induced 
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dissociation fragmentation in the linear ion trap when their intensity exceeded a minimum threshold 

of 1000 counts, excluding singly charged ions. Accumulation of ions for both MS and MS/MS scans 

was performed in the linear ion trap, and the AGC target values were set to 1 × 106 ions for survey 

MS and 5000 ions for MS/MS experiments. The maximum ion accumulation time was 500 and 200 

ms in the MS and MS/MS modes, respectively. The normalized collision energy was set to 35%, and 

one microscan was acquired per spectrum. Ions subjected to MS/MS with a relative mass window of 

10 ppm were excluded from further sequencing for 20 s. For all precursor masses a window of 20 

ppm and isolation width of 2 Da was defined. Orbitrap measurements were performed enabling the 

lock mass option (m/z 445.120024) for survey scans to improve mass accuracy. Protein 

Identification. LC-MS/MS data were analyzed using the Proteome Discoverer software (Thermo 

Fisher Scientific) to generate mgf files. Processed runs were loaded to ProteinScape software (Bruker 

Daltonics, Bremen, Germany) and peptides were identified using Mascot (Matrix Science, London 

UK) to search the SwissProt database, restricting taxonomy to bovin proteins.  MS/MS spectra were 

searched with a precursor mass tolerance of 10 ppm, fragment tolerance of 0.8 Da, trypsin specificity 

with a maximum of 2 missed cleavages, cysteine carbamidomethylation set as fixed modification and 

methionine oxidation as variable modification. Significance threshold for the identifications was set 

to p<0.05 for the probability-based Mascot score, minimum ions score of 20, and the identification 

results were filtered to 1% FDR at peptide level, based on searches against a Decoy database. Semi-

quantitative comparison was made on the basis of the spectral counts (SpC) assigned to each protein. 

Spectral counts were normalized for total SpC on each LCMS run, to account for differences in 

sample load or MS signal. To compare the relative protein abundances in each sample, SpC numbers 

were divided by the Mw of the corresponding protein, to compensate for the number of theoretical 

tryptic peptides derived for each protein. 

 

NP cellular up take.  

 

The experiments were performed in triplicate on 6 and 12 wells plates with approximately 125000 

and 62500 cells/well respectively. 3 wells where added only of CCM as controls on each experiment. 

After 2 h the cells were gently washed three times with PBS. The cells were trypsinated and 

collected. The resulting samples were centrifuged and the supernatant removed. The pellets were 

digested with 200 μl of aqua regia overnight and then diluted in an analytical flask with water (final 

volume 10mL). The gold concentration was quantify by induced coupled plasma-mass spectroscopy 

(ICP-MS). 
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Induced coupled plasma-mass spectroscopy (ICP-MS) 

 

Measurements were performed using an ICP-MS Perkin Elmer (NexION 300).  

 

M&M - Chapter 3 

 

Chemicals  

 

Tetrachloroauric(III) acid trihydrate (99.9% purity), sodium citrate tribasic dihydrate (≥99%), 

ascorbic acid, NaBH4, NaCl, cetyltrimethylammonium bromide (CTAB), chloroform, 1-octanol, 

360KDa polyvinylpyrrolidone (PVP), NaNO3, Sodium Hydroxide and RPMI-1640 (R7509) (with 

sodium bicarbonate, without L-glutamine and phenol red, liquid, sterile-filtered, suitable for cell 

culture) were purchased from Sigma-Aldrich. Fetal Bovine Serum, FBS (research grade, triple 0.1 

micron filtration) was purchased from ThermoFisher scientific. Bromophenol blue sodium salt was 

purchased from J. T. Baker. All reagents were used as received without further purification. For all 

the studies with biological fluids, plastic material was sterile grade and all glass material was 

sterilized in an oven prior to use, autoclave sterilized Milli-Q water was used in the preparation of all 

solutions. Complete cell culture medium (CCM) consisted of RPMI supplemented with 10% of 

FBS. Au NPs were speedily added (1:10) into CMM by micropipettes and gently mixed, all the 

procedures were done in sterile conditions. 

 

Nanoparticle Synthesis, Purification and Characterization. 

 

Nanoparticle Synthesis. AuNPs were synthesized following the seeding growth approaches using 

the reported protocols developed by C. Murphy and co-workers [1, 2]. Systematic NPs purification 

by centrifugation. Centrifugation washing steps were performed at 34000g*30 min, 26°C for the 

AuNS and at 6000g*15min, 26°C for the AuNR. In each step, 90% of the supernatant was removed 

and the sample was reconstituted to the initial volume with mQ water. The volumes were checked 

using an analytical balance. With this procedure in each washing steps the amount of free CTAB was 

reduced to 90%. Membrane purification. For the diafiltration, Amicon® Ultra-0.5 Centrifugal 

Filter Unit (RC, 100KDa, 3000g) were purchased from Millipore, the tools were used with mQ water 

twice before use. Classic dialysis against mQ water was performed with spectrapor dialysis 

membrane tubing (RC, 25KDa) were purchased from ThermoFisher scientific, gently washed with 
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mQ water before use. Physicochemical Characterization: Electron Microscopy. The diameter of 

the synthesized particles was obtained from analysis of Scanning Electron Microscopy (SEM) with 

FEI Magellan XHR SEM, in transmission mode operated at 20 kV. Samples were prepared by drop-

casting 4μL of the sample on a carbon-coated copper TEM grid and left to dry at room temperature. 

At least 500 particles from different regions of the grid were counted. UV-Vis Spectroscopy. UV-

Vis spectra were acquired with a Shimadzu UV-2400 spectrophotometer. 1 mL of sample was placed 

in a plastic/quartz cuvette, and spectral analysis was performed in the 300−750 nm or 300-950 nm 

range at room temperature. Water was taken as the reference for all samples. UV-Vis absorption 

spectra of AuNPs is due to NPs localized surface plasmon resonance (LSPR), i.e. the collective 

oscillation of the metallic surface electrons, highly sensitive to the NP environment [3, 4]. The LSPR 

profile and maximum position strictly depend on the material, shape, and size of the NPs, as well as 

the refractive index (RI) of the solvent. Moreover, local RI changes, such as those induced by NP 

stabilizing-molecule exchange or bio-molecule interactions at the surface of the NPs produce a shift 

of the LSPR. Red-shifts are observed in the case of a RI increase around metal, vice versa a decrease 

produces a blue-shift. In the case of NP aggregation, considerable UV-Vis spectra changes are 

observed, ascribable to a near-field electromagnetic coupling. In most cases, the resonance peak of 

two metal NPs red-shifts and/or produces the comparison of a second peak at a higher wavelength 

[5]. Size and Zeta Potential Measurements. The hydrodynamic diameter and Z potential of the 

AuNPs before and after incubation in CCM were determined by Dynamic Light Scattering, and 

Laser Doppler Anemometry, respectively, using a Malvern Zetasizer Nano ZS instrument equipped 

with a light source wavelength of 532 nm and a fixed scattering angle of 173°. Diameters were 

reported as distribution by intensity calculated by non-negative least squares (NNLS) analysis. The 

software was arranged with the parameters of refractive index and adsorption coefficient of gold, and 

solvent viscosity of water at 25°C.  

 

Theoretical calculation of NPs total surface area and bilayer concentration.  

 

NPs total surface areas were calculated assuming AuNS as a perfect sphere and AuNR as a perfect 

cylinder, assuming as starting radius and height the values measured by STEM and the concentration 

of Au used to perform the synthesis. The theoretical CTAB concentration that formed the bilayer on 

the AuNPs was calculated dividing the total surface areas of NPs for the surfactant headgroup area 

(0.64nm
2
) [6] multiplied for two. In the case of AuNS was also calculated taking into consideration 

that the radius where it is positioned the second layer is increased by the first one, considering an 

increment of the diameters of 1.5+1.5nm (length of CTAB) [7].  
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Analysis of CTAB in aqueous solutions by the Ion-Pair method.  

 

Quantification of CTAB was performed by adapting the protocol developed by C. Adura et al. [8]. 

Briefly, 5 mL of CHCl3 was added to a 15 mL lab glass. The colloidal solution of nanoparticles was 

centrifuged until all the nanoparticles were precipitated in the form of pellets. 1 mL of the 

supernatant was added of 1 mL of 500 µM bromophenol blue sodium salt (BPB) water solution. The 

sample was stirred vigorously (1000 r.p.m) for 45 minutes, maintaining the glass vial completely 

seals in order to maintain the volume constant. The aqueous phase must has an excess of BPB. If the 

aqueous phase becomes transparent during the procedure, the analysis is invalid because CTAB 

concentration is out of range. The samples were leaved without stirring for 5 minutes to separate the 

organic phase. The organic phase was extract using glass pipettes and read in the spectrophotometer 

between 500-700nm. The CTAB concentration was calculated in µM using the obtained absorbance 

at 606nm and the equation of the previous prepared calibration curve. Has to be take into account 

that the final result is diluted 1:5. 

 

 

M&M - Chapter 4 

 

Chemicals.  

 

Tetrachloroauric(III) acid trihydrate (99.9% purity), silver nitrate (≥99.0%), sodium citrate tribasic 

dihydrate (≥99%), gallic acid, mercaptoundecanoicacid, 11-aminoundecanoicacid,  NaCl,  and humic 

acid were purchased from Sigma-Aldrich. Lufa 2.2 standard soil was purchased from LUFA Speyer 

(Germany). Humic acid solutions. Stock HA solution was prepared dissolving the HA powder in 

NaOH solution pH 9, lived under stirring overnight, then filtered with 0.2μm regenerated cellulose 

filter, in order to remove the not soluble residues, then the pH was adjusted to 7.4. The solution FHA 

was prepared filtering HA solution by Amicon Ultra centrifugal filter units 100KDa (Millipore), to 

quantify the obtained concentration an aliquot was dried and the powder weight on an analytical 

balance. The RHA solution was obtained after several purification of the HA solution by Amicon 

Ultra centrifugal filter units 100KDa, until the filtered solution did not present any colour and UV-

Vis signal. Lufa solutions. 10mL of LUFA Speyer  soil 2.2 were added of 30mL of pH7.4 water 

solution and lived under stirring for three days (Lufa mud), then the solution was centrifuged (300g 
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then 5000g) the supernatant was collected (DOM+POC), then filtered with 0.2μm regenerated 

cellulose filter (DOM), in order to remove natural NPs.  

 

Nanoparticle Synthesis, Purification and Characterization. 

 

Nanoparticle Synthesis. Aqueous solutions of citrate-stabilized AuNPs were synthesized according 

to the previously developed seeded-growth methods in our group. Detailed synthetic procedure can 

be found in the article [31]. Briefly, 150mL of sodium citrate aqueous solution (2.2mM) was brought 

to a boil in a three necks flask under reflux, subsequently 1mL of 25mM HAuCl4 was injected in the 

citrate solution. After few minute the solution become reddish, synonymous of Au NP formation (~ 

10nm, seeds), afterwards different sequential steps of growth, consisting of sample dilution plus 

further addition of gold precursor leaded to the desired AuNPs size. Citrate-stabilized AgNPs have 

been synthesized by a modify version of the Bastús et al. protocol [32]. Briefly, 100mL of sodium 

citrate and gallic acid aqueous solution (5mM, 2.5mM) was brought to a boil in a three necks flask 

under reflux, subsequently 1mL of 25mM AgNO3 was injected in the reducing solution. Immediately 

the solution become yellowish, synonymous of AgNPs formation (~ 10nm, seeds), afterwards 

different sequential steps of growth, consisting of sample dilution (with the citrate and the gallic 

acid) plus further addition of silver precursor leaded to the desired AgNPs size. 

NPs purification by centrifugation. The excess of humic substance was removed pelleting the NPs 

by centrifugation (from 25000g to 15000g depending on the size) for 15 min, removed of the 

supernatant, followed by resuspension in mQ water.  

Electron Microscopy. Diameter of the synthesized particles was obtained from analysis of Scanning 

Electron Microscopy (SEM) with FEI Magellan XHR SEM, in transmission mode operated at 20 kV. 

Samples were prepared by drop-casting 4μL of the sample on a carbon-coated copper TEM grid and 

left to dry at room temperature. At least 500 particles from different regions of the grid were 

counted. In order to avoid aggregation of the particles during TEM grid preparation they were 

previously conjugated with 55KDa polyvinylpyrrolidone (PVP).  

UV-Vis Spectroscopy. UV-Vis spectra were acquired with a Shimadzu UV-2400 

spectrophotometer. 1 mL of sample was placed in a plastic cuvette, and spectral analysis was 

performed in the 300−750 nm range at room temperature. UV-Vis absorption spectra of AuNPs and 

AgNPs are due to NPs localized surface plasmon resonance (LSPR) that is the collective oscillation 

of the metallic surface electrons, highly sensitive to the NP environment. Local refractive index 

changes produce a shift of the LSPR, red-shifts are observe in case of a RI increase around metal, 

such as those induced by macromolecules adsorption on NP, vice versa a IR decrease produce a 
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blue-shift, therefore the changes in the close environment of the NPs can be investigated using this 

technique [42]. Water was taken as there reference for all samples.  

Size and Zeta Potential Measurements. The hydrodynamic diameter and Z potential of the AuNPs 

before and after incubation in CCM were determined by Dynamic Light Scattering, and Laser 

Doppler Anemometry, respectively, using a Malvern Zetasizer Nano ZS instrument equipped with a 

light source wavelength of 532 nm and a fixed scattering angle of 173°. Diameters were reported as 

distribution by intensity calculated by non-negative least squares (NNLS) analysis. The software was 

arranged with the parameters of refractive index and adsorption coefficient of gold, and solvent 

viscosity of water at 25°C.  

 

Aggregation Parameter (AP).  

 

AP = (A1-A0)/A0 where A1 is the integrated absorbance between 600 and 700 nm of the sample at a 

given moment (time 0 in these cases) and A0 is the integrated absorbance between 600 and 700 nm 

of the initial solution of NPs [47].  

 

Au quantification.  

 

Samples were digested with aqua regia 1:2 in volume for 24 h then diluted with mQ water to be 

further analyzed by Induced coupled plasma-mass spectroscopy (ICP-MS) using an ICP-MS Perkin 

Elmer (NexION 300).  
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Annex II 

 

Supporting Information 

 

 

SI - Chapter 2 

 

Interaction between AuNPs and CCM supplements. 

 

To better understand the role and the properties of the CCM supplements, especially the PS, the 

mere relationship between AuNPs and the supplements was explored, studying their ability to 

interact with AuNPs. Four aqueous solution of each single molecule were prepared at the typical 

standard concentration used in the cell cultures and AuNPs, at a gold concentration of 1.3*10
12 

NPs/ml, have been diluted ten times into the solutions. Time evolution of the UV-Vis spectra and Z 

potential of AuNPs have been followed (Figure SI-1). UV-Vis spectra of AuNPs exposed to an 

aqueous solution of GLN (2 mM, phosphate buffer 10mM, pH 7.4) showed immediately after the 

exposition a 2 nm red-shifts of the LSPR which can be ascribed to the change of the refractive index 

at the vicinity of the NPs surface (Figure SI-1B). Coupled with a decrease in the Z potential (Figure 

SI-1E), the results pointed out the ability of GLN to interact with the NPs. The potential interacting 

group were the amine and carboxyl functional groups, chemical moieties that are reported to have 

the ability to form weak interaction with gold surface [1, 2]. The change in Z potential was 

consistent with a GLN overall slightly negative charge at the working pH, presenting an isoelectric 

point of 5.7.  

The UV-Vis spectra of AuNPs once mixed with an aqueous solution of BME (50 µM, phosphate 

buffer 10mM, pH 7.4) showed already at time 0 the comparison of a second peak at around 800 nm 

associated to the inter-particle plasmon coupling during AuNPs aggregation [3] (Figure SI-1C). The 

essentially unchanged LSPR band profile overtime suggested the formation of NPs aggregates that 

once formed basically did not continue to evolve overtime, maintaining a colloidal nature. As 
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expected BME, presenting a thiol group was able to interact with NPs gold surface at least partially 

replacing the citrate and presenting a really short alkyl chain but not a charged mioeties was not 

able to give enough repulsive force to fully stabilize the system. Decrease in the Z potential was in 

line with a partial replacement of the citrate for a neutral moieties. 

Figure SI-1A shows the results for the exposition of AuNPs to a solution of PhR (44.8 μM, 

phosphate buffer 10mM, pH7.4), due to the strong light absorption of the pH sensitive dye in the 

same range of the NPs, the spectra were recorded after a centrifugal purification of the sample. The 

LSPR band profile of the particles did not shows significant differences after the exposition and the 

Z potential value presented a small decrease; to further characterize the system, NPs colloidal 

stability against saline media were tested. Au NPs before and after the exposition to PhR were 

exposed to a growing concentration of NaCl, from 10 to 100mM, and the UV-Vis spectra were 

recorded at time 0. The extent of aggregation was systematicall                    -             

                                                                     . [4], basically related to the 

extent of the second plasmonic peak. AP values higher than 0.5 indicated significant aggregation. 

The results showed that once exposed to PhR, Au NPs present a higher stability against ionic 

strength, that could be correlated with an interaction of the dye with the surface of the particle that 

conferred a partial stabilizing steric repulsion component in addition to the electrostatic one. The 

three aromatic rings, the sulphate group and the ketone composing the PhR could be responsible for 

the interaction with the gold surface. Could be further hypothesised that the polyaromatic structure 

was responsible for the observed partial steric repulsion properties. 

Figure SI1-D shows the UV-Vis profile over time of AuNP exposed to PS (100 U/ml (~170 μM  

penicillin, 172 μM streptomycin). A classic AuNPs aggregation LSPR band profile was observed a 

time 0, after 24 h almost no absorption spectra was observed, ascribable to the formation of macro 

aggregates of NPs that had sedimented. The Z potential of the NPs/PS solution present a slightly 

positive value. The NPs aggregation and an almost neutral Z potential suggested an aggregation led 

by the cationic streptomycin.  
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Figure SI 1. 25nm AuNPs diluted 1:10 in aqueouse solutions of: Phenol Red (PhR); L-           G N ; β-

mercaptoethanol (BME); Penicillin/Streptomycin (PS). (A): UV-Vis spectra of AuNPs (black), UV-Vis spectra of Au 

NPs exposed to a PhR solution and subsequently purified (red); Experimentally measured Aggregation Parameters of 

AuNPs versus growing concentration of NaCl (black triangle) and Aggregation Parameters of AuNPs exposed to PhR 

and subsequently purified versus a growing concentration of NaCl (red circles). (B): UV-Vis spectra of Au NPs (black), 

UV-Vis spectra of AuNPs after the exposition to GLN solution (red). (C): UV-Vis spectra of Au NPs (black), UV-Vis 

spectra of Au NPs exposed to a BME solution, time 0 (red), time 24h (green), time 48h (blue). (D): UV-Vis spectra of 

Au NPs (black), UV-Vis spectra of Au NPs exposed to a Penicillin/Streptomycin solution, time 0 (red), time 24h 

(green). (E): Z potential (black square) and Conductivity (red stars) of all the previous samples at time 0 of exposition. 

 

 

Protein-stabilized AuNPs aggregates 
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Figure SI 2. UV-Vis spectroscopy of protein-stabilized AuNPs aggregates. Five samples of AuNPs (2.7*10
12 

NPs/ml) 

were diluted 1:10 into cell culture media, after 1, 3,5,7 and 10 sec FBS (10%) was added to the mixture. The figure 

show the spectra of each samples after 24 h. The base line was performed with a solution of cell culture media 

containing phenol red. The small shoulder approximately at 600 nm was due to a not perfect subtractions of the signal 

of the phenol red.       

 

 

SI - Chapter 3 

 

LSPR, Z potential and stability changes observed in the washing by dialysis 

 

Figure SI 3. UV-Vis spectra of AuNS purified by dialysis membrane (25KDa Regenerated Cellulose, against water), at 

time 0 the concentration of CTAB was of 75mM: (Black) before washing procedure; (Red) after three dialysis cycles 

(ratio sample/water 1:50 w/w). In red the Z potential and conductivity of the sample after the dialysis purification.  
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Over time Water/Octanol partition of AuNS at the different washing steps: another 

way to remove the CTAB  

 

 

Figure SI 4. Time evolution of Water/Octanol partition experiment: 1 ml of each AuNS at the different washing steps 

have been exposed to 2 ml of Octanol. 

 

Ligands exchange of AuNS@PVP with CTAB  
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Figure SI 5. UV-Vis spectra and Z potential of AuNS@PVP added of a solution of CTAB (black) and the control added 

of mQ water (red). 

 

 

 

SI - Chapter 4 

 

 

Concentration of HA 

   

 

Figure SI 6. UV-Vis spectra of HA 20ug/ml (Blue) and the centrifugation supernatant of 1.5*10
12

 

NP/ml of 15nm AuNPs exposed to 200ug/ml of HA for 7 days, diluted 10 times (Red). No 

significant difference are observed meaning that the HA in solution is in large excess in comparison 

to the one adsorbed onto the NPs.  
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Effect of Mg
2+

 

 

 

Figure SI 7. I               w                     M SO4        N  ’                    . 
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Annex III 

 

List of Abbreviations 

 

A1cW - After 1 Centrifugal Wash 

A2cW - After 2 Centrifugal Wash 

A3cW - After 3 Centrifugal Wash 

A4cW - After 4 Centrifugal Wash 

AP- Aggregation Parameter 

AUA - 11-aminoundecanoicacid  

AuNP - Au Nanoparticles 

AuNP@CTAB - CTAB Coated AuNP 

AuNR - Au Nano-rods 

AuNS - Au Nano-spheres 

BME - β-mercaptoethanol  

BW - Before Wash 

CCM – Cell Culture Media  

CMC - Critical Miceller Concentration 

CTAB - Cetyltrimethylammonium Bromide    

DLS - Dynamic Light Scattering  

DOM – Dissolved Organic Matter 

EC – Environmental Corona 

EC50 - Half Maximal Effective Concentration 

FBS - Foetal Bovin Serum 

FHA – Humic Acid Fraction < ~ 8 nm 

GLN - L-glutamine  

HA – Humic Acid 
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ICP-MS - Induced Coupled Plasma-Mass Spectroscopy 

LC-MS -  Liquid Chromatography Mass Spectrometry  

LSPR - Localized Surface Plasmon Resonance 

MUA - Mercaptoundecanoicacid  

NOM - Natural Organic Matter  

NP - Nanoparticle 

PC - Protein Corona 

PhR - Phenol Red  

POM – Particulate Organic Matter 

PS - Penicillin/Streptomycin  

PVP - Polyvinylpyrrolidone 

RHA - Humic Acid Fraction > ~ 8 nm 

RI - Refractive Index  

ROS – Reactive Oxygen Species 

STEM - Scanning Transmission Electron Microscopy  

UV-vis – Ultraviolet-Visible  
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