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Abstract 
 
Metallic nanoparticles possess unique properties due to their size and are widely 
used in e.g. consumer products. From this follows a need to identify and assess 
potential risks of human and environmental exposure. Their size facilitates uptake 
in organisms and disruption of various biological processes. Together with a high 
reactivity, mainly due to their large surface area in solution, they are both 
commonly used in different applications and of a potential safety concern. Risk 
assessment requires hence in-depth knowledge on the particle characteristics and 
their behavior in solution but also how these properties change with time and 
exposure conditions and whether these characteristics can be linked to toxicity 
following nanoparticle exposure. This thesis addresses these aspects with a main 
focus on metal nanoparticles and elaborates on the importance of 
characterization, how such measurements can be done, and on interactions with 
surfactants and biomolecules and toxic effects.  
 
Silver nanoparticles are, due to their antibacterial properties, often used in 
sportswear to prevent sweat odor. During laundry they may be dispersed and 
interact with surfactants of the washing powder, influencing their properties and 
stability in solution. These aspects are addressed in Papers I, III and V on silver 
nanoparticles of different size and surface coatings. The stability was shown to 
depend on the surface charge and the concentration of the surfactant. The 
stability and extent of silver release were reduced upon sequential exposure, 
indicating the importance of the particle history on their bioaccessibility, mobility 
and potential toxicity. A mechanism was proposed for how silver nanoparticles 
are stabilized in surfactant solutions.  
 
Toxic effects of silver nanoparticles of different size and coatings on cultivated 
lung cells, Paper II, and effects of copper-containing nanoparticles on different 
blood cells, Paper IV, were studied in vitro. The smallest particles were most 
cytotoxic and the “Trojan horse” mechanism played an important role, meaning 
that the nanoparticles facilitate cellular uptake followed by ion-release. 
 
Difficulties in the determination and interpretation of the zeta potential, related to 
the surface charge, of metal nanoparticles in complex solutions are elucidated in 
Paper VI. Guidelines are provided on how to accurately assess this property.  



 

 

Populärvetenskaplig sammanfattning 
 
Metalliska nanopartiklar har unika egenskaper och används i många konsumentprodukter 
och deras produktion och användning ökar ständigt, vilket medför ett ökat behov av att 
identifiera och utvärdera deras potentiella risker på människa och miljö. Nanopartiklarnas 
storlek (1-100 nm i diameter) underlättar deras upptag i organismer och kan störa olika 
biologiska processer. Deras storlek och höga reaktivitet, bland annat på grund av deras i 
lösning relativt stora ytarea, gör dem inte bara eftertraktade för användning inom t.ex. 
medicin, utan kan även medföra potentiella hälsorisker. För riskbedömningar är det därför 
viktigt att noggrant karakterisera hur dessa nanopartiklar beter sig och förändras i olika 
typer av exponeringsmiljöer. Det är viktigt att hitta samband mellan partiklarnas 
egenskaper såsom till exempel storlek, frisättning av metalljoner och deras potentiella 
toxiska verkan. Detta kräver att generella riktlinjer för hur sådan karakterisering skall 
genomföras på ett reproducerbart sätt finns att tillgå. I denna avhandling studeras dessa 
frågeställningar bland annat genom att undersöka växelverkan mellan olika 
välkarakteriserade metalliska nanopartiklar, tensider och biomolekyler. 
 
Nanopartiklar av silver används på grund av sina antibakteriella egenskaper i sportkläder 
för att förhindra svettlukt. Under tvätt kan silver dock frisättas som nanopartiklar eller 
joner, som i sin tur kan växelverka med olika tensider i tvättmedlet. Dessa processer 
påverkar nanopartiklarnas egenskaper och deras beteende i lösning, vilket diskuteras i 
Artikel I, III och V. I Artikel I undersöks effekten av ytaktiva ämnen på 
silvernanopartiklarnas stabilitet och ytladdning. Resultaten visar att stabiliteten främst 
beror på ytladdningen och tensidens koncentration. Av resulaten i Artikel III kan det 
utläsas att stabiliteten och frisättningen av silver från nanopartiklarna reduceras vid 
sekventiell exponering. Detta visar på att partiklarnas kemiska historia har ett stort 
inflytande på deras framtida egenskaper, såsom mobilitet och stabilitet i lösning. En 
mekanism som bygger på bildandet av micellkluster av tensiden i närheten av partikelytan 
föreslås i Artikel V för hur nanopartiklar av silver stabiliseras i tensidlösningar.  
 
Toxiciteten hos välkarakteriserade nanopartiklar av silver av olika storlek och 
ytbeläggningar på lungceller har i Artikel II studerats in vitro i samarbete med 
humantoxikologer för att om möjligt finna samband mellan partiklarnas egenskaper och 
toxiciteten. Välkarakteriserade kopparbaserade nanopartiklars toxiska effekter på olika 
blodceller har även studerats och behandlas i Artikel IV. De minsta nanopartiklarna av 
silver uppvisade störst celltoxicitet. Upptag i celler av partiklar via den så kallade Trojanska 
häst-effekten, en process där partiklarna till största delen passerar cellmembranet in till 
cellen där metaller frisätts och kan ha en toxisk verkan, visade sig gälla både för de 
kopparbaserade nanopartiklarna och nanopartiklarna av silver.  
 
Zetapotentialen som är relaterad till partiklars ytladdning i lösning beror bland annat på 
deras egenskaper, storlek samt lösningens egenskaper och jonstyrka. För nanopartiklar, 
vilka är väldigt små, och för lösningar med biomolekyler och/eller hög jonstyrka kan 
beräkningen av zetapotentialen via de vanligaste metoderna bli missvisande och även 
ibland direkt felaktiga. Dessa aspekter diskuteras i Artikel VI genom konkreta exempel, 
mätningar och tolkningar av zetapotentialen av metalliska nanopartiklar. 
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Preface 
 

The work within this doctoral thesis deals with metal nanoparticles and their 
interactions with surfactants and biomolecules. The research strategy has been to 
correlate their stability in solution, transformation, mobility and toxicity by using 
fundamental systematic and multi-analytical approach, and to provide guidance 
on how this can be achieved. Such knowledge is essential within the framework of 
risk assessment of nanomaterials, and is thus important for the development and 
preservation of a sustainable society. The research is interdisciplinary, and the 
intention of this thesis is that its content will be useful and applicable for a broad 
audience, including both scientific experts in surface and corrosion science and 
toxicology, as well as industrial stakeholders and legislators. The main topics of 
the scientific papers included are summarized in the figure below.  
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1. Introduction 

1.1 Motivation 
 
A nanoparticle (NP) is a structure with dimensions between 1-100 nm.1 The 
production and use of metal NPs are constantly increasing. They are used in many 
consumer products, such as clothing, cosmetics, sun screens and electronics, and 
their usage within medicine is wide, ranging from diagnostics to drug delivery and 
cancer treatments.2, 3 Many of their unique characteristics originate from their 
small size, which may give them physicochemical properties that are different 
from those of larger sized particles and bulk material. The smaller size gives a 
larger surface area compared to the same mass of larger sized particles or massive 
sheets of the same material. The relative amount of atoms or molecules present at 
the surface is increasing with decreasing particle size, as illustrated in Figure 1, 
and the high amount of atoms at the surface can potentially increase the NPs’ 
reactivity.2, 3 

 
Figure 1: The percentage of surface atoms compared with in the bulk increases with 
decreasing particle size. 

The unique physicochemical properties of metal NPs and the possibility to, by 
changing the particle size, tune many of the properties such as reactivity, optics, 
magnetics and conductivity explain their wide use within many fields.4 However, 
from an increased manufacture and exposure to metal NPs follow the challenge to 
identify and assess potential risks that they might induce on humans and on the 
environment. It is hence critical to determine relationships between physico-
chemical properties and toxicological profiles. These aspects are addressed in 
Papers II and IV by exposing cells to well-characterized NPs in vitro.  
 
Silver nanoparticles (Ag NPs) are the most extensively occurring metal NPs in 
consumer products today.5 In 2011 it was estimated that 320 tonnes of Ag NPs 
were produced on an annual basis.5 As they for instance are used in sportswear,6, 7 
there is a potential risk for their dispersion upon their laundering. Once released 
during the laundry cycle, the Ag NPs (or released silver species) may interact with 
surfactants in the washing powder. These interactions affect the physicochemical 
properties of the Ag NPs and thus their bioaccessibility (potential to become 
available for uptake) and potential toxicity. This is addressed in Papers I, III  
and V.  
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So far, there exists no official limit for the occupational exposure of Ag NPs, but 
there are limits in air for soluble silver (0.01 mg m-3)  and for metallic silver (0.1 
mg m-3).8 It has recently been found that approximately 0.1 ng Ag m-3 exists in the 

air and 1 g L-1 in the effluent from sewage treatment plants.9 The average 
concentration released from fabrics during laundering has been estimated to  
2 mg L-1.6 Other metal NPs are also widely used in consumer products. One 
example is copper-based NPs used in photovoltaics, batteries and printable 
electronics.10 The regulatory limit values in air is 0.1 mg Cu m-3 in copper fumes 
and the limit in potable water 1.3 mg Cu L-1.11 All limit values reflect the total 
metal concentration without considering the chemical form of the metal 
(information essential to assess risks).  
 
It is crucial to properly characterize the NPs and there is a demand for sound 
testing protocols.3, 12 In order to be able to draw any conclusions and to predict the 
behavior of NPs in terms of stability, metal release and toxicity, it is of highest 
importance to first thoroughly characterize the NPs in the relevant environment 
(Papers I-VI). One of the main objectives of this doctoral thesis is to elucidate the 
importance of proper particle and surface characterization of non-exposed and 
exposed metal NPs in order to understand and predict the bioaccessibility and 
potential toxicological effects. This means for instance studies particle 
transformation/dissolution and extent of metal release, changes in particle size 
and stability/agglomeration, surface composition etc. upon exposure in different 
relevant solutions (e.g. synthetic body fluids, solutions simulating different steps 
of the laundry cycle and cell media). Throughout the work performed within this 
thesis a number of conclusions regarding proper testing and interpretation of 
characterization results have been drawn. These conclusions are presented in the 
discussion part of the thesis. In addition, Paper VI focuses on the measurements 
and interpretation of the zeta potential (ZP) of metal containing NPs by 
comparing three case studies in terms of dissolution of the NPs and solution 
content. Common pitfalls encountered when performing particle characterization 
are also highlighted and discussed within this doctoral thesis, together with the 
advantages and challenges with the techniques available. 

1.2 Research Strategy 
 
The research performed within this thesis is part of the research strategy initiated 
in the 1990’s at the division of Surface and Corrosion at KTH by Professor Inger 
Odnevall Wallinder, aiming at, through multianalytical and interdisciplinary 
studies, correlate corrosion and surface properties of metals with their 
environmental and human fate and toxicity. The research group has for more than 
two decades studied how the use of numerous metals and alloys as massive sheet 
and as particles in different applications influence the environment and human 
health. Specific focus has been placed on prevailing corrosion mechanisms, 
surface chemistry and changes in surface reactivity, chemical speciation, surface 
characteristics, bio-molecule interactions, metal dispersion, bioaccessibility and 
toxicity. This has been done via in-depth interdisciplinary research activities and 



 

 

3 

 

 

with international industry and stakeholders. This thesis deals with all of these 
aspects with a main focus on health and environmental aspects of metal NPs.  
 
The aim of this thesis is that generated data and knowledge both enable an 
improved fundamental knowledge on the particle and surface characteristics of 
metal NPs, data essential for risk assessment of nanomaterials, and an improved 
understanding on the importance of systematic assessments of particle 
characteristics. The data to be used in that context consists of size distributions of 
the NPs, metal release and surface characteristics in relevant environments (e.g. 
synthetic laundry relevant solutions, artificial body fluids and cell media). These 
data provide information about the properties of NPs and their bioaccessibility. 
This knowledge is crucial for understanding of the main factors that affect the 
reactivity and stability of the NPs in different environments. Furthermore the 
information could ultimately be correlated with the toxicity of the NPs, by 
simultaneously evaluating their toxicity during the same conditions, in in vitro 
models. Thereby it is possible to identify parameters that influence their potential 
toxicity. This information can be used as a first step towards read-across 
strategies that aim to group materials based on their physicochemical properties 
to evaluate the potential hazards of different materials. To enable such 
generalizations of the toxicological impact of similar NPs, or their corresponding 
bulk material, it is essential to acquire comparative data to identify the most 
important characteristics and to determine the correlation between different 
physicochemical properties and with any observed toxic response. 
 
Discussions within this thesis on different aspects that must be considered during 
NP characterization will hopefully also facilitate future in-depth investigations on 
human and environmental impact of NPs and through that assist in the 
generation of data relevant for risk assessment. In addition, the knowledge of 
parameters that can induce and increase the toxicity of the NPs (e.g. size, metal 
release, coating etc) enables early identification of hazardous materials, ultimately 
without in vivo studies and could enable safety-by-design approaches. This, and 
the possibility for future read-across and generalization of similar materials, 
makes the identification of hazards more efficient and helps to preserve and 
develop a sustainable society by saving resources, money and time. 
 
The content of this doctoral thesis is hence of high relevance for several different 
disciplines, ranging from surface chemistry, toxicology to industry, regulation and 
legislation. The interdisciplinary character of the research and the broad target 
group inevitably require the content to be made easily accessible and 
understandable. To reach this attempt, particular effort has been put on graphical 
illustrations, both when defining the systems studied, the techniques used, and 
the various concepts discussed. Some of the concepts may to some of the readers 
appear obvious while other parts might be less familiar. To aid in the navigation of 
the text and to be sure that the objective of an easily accessible and useable thesis 
has been met, the following questions were formulated:   
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o Which conditions are relevant to simulate when working with NPs? 
- How can humans come in contact with NPs? 
- Which concentrations or doses are relevant to consider? 

o Which factors are important to consider when working with NPs? 
- How are their physicochemical properties correlated? 
- Which techniques are the most appropriate to use for 

characterization of NPs? How should the results be presented? 
- How is the behavior of the NPs (stability, metal release) in 

solution, their toxicity and the possibility to use conventional 
methods to study them affected by: 

 The size of the NPs? 
 The charge of the NPs? 
 The exposure conditions (time, dose, sonication, 

filtration) ? 
 The solution content (salinity, pH, surfactant or protein 

content)? 
- Do different NPs behave differently? 

 What effect does the surface oxide have? 
o How do laundry relevant surfactants affect Ag NPs stability, charge and 

metal release? 
o Which physicochemical properties are most important for Ag NP toxicity? 

- Does size matter? 
- Is there a coating effect? 
- What is the role of oxidative stress? 

o How can the results in this thesis contribute to accurate risk assessment 
of NPs?  

 
The questions above are answered and elaborated in the discussion part (section 
5) in this thesis, after a general introduction to the field, important concepts, the 
research aims, and the experimental considerations made. The objectives 
addressed in the appended papers are used to answer the questions and are 
summarized in Figure 2. Briefly they consist of: 
 

o Interactions between Ag NPs and washing powder surfactants and its 
effect on 

- Ag NPs stability and charge (Papers I, III and V) 
- metal release (Paper III) 

o Characterization, stability, metal release and toxicity in 
- lung cells, of Ag NPs of different size and coatings (Paper II) 
- blood cells, of Cu and CuO NPs (Paper IV) 

o Elaboration on zeta potential measurements of metal NPs (Paper VI) 
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Figure 2: Research strategy 
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2. Background 

2.1 Ag NPs 
 
One of the most commonly used nanoparticles (NPs) is made of silver (Ag). In 
2011 it was estimated that 320 ton Ag NPs were produced per year.5 The reason 
for the extensive use of silver mainly originates from its antibacterial properties, 
and Ag NPs are therefore widely used within many areas such as wound dressings, 
washing machines, cosmetics, clothing and medicine.6, 13, 14 The knowledge and 
utilization of the antibacterial properties of silver is not new; it has been used for 
more than 120 years.5 People have been drinking colloidal silver as an attempt to 
overcome various diseases.5 However, the efficiency of such treatment is strongly 
debated and the high exposure to silver have been reported to result in argyria, 
which is a condition where the skin is colored blue/grey.15 One of the current main 
applications for Ag NPs is in sport clothing,6, 7 where they due to their 
antibacterial effect, are used to kill the bacteria that are producing the odor of 
sweat. Recent studies have however shown that that almost all impregnated silver 
may be released already during the first few washing cycles.6, 7 Since silver has 
been shown to be toxic to water living organisms16-18, the fate of released silver is 
an important topic to investigate. During a washing cycle, released silver (as NPs, 
ions or complexes) interacts with the surfactants in the washing powder, and this 
affects the colloidal stability of the particles as well as the chemical form of the 
released silver.19 This, in turn, is essential for their further transport to and fate in 
the environment as well as for their bioaccessibility, and toxicity. The interaction 
between Ag NPs and surfactants is consequently one of the main research targets 
for this doctoral thesis (Papers I, III and V). The physicochemical properties 
decisive for Ag NP cytotoxicity on an in vitro model representing human lung cells 
was also studied (Paper II).  

2.2 Cu and CuO NPs 
 
In addition to Ag NPs, copper-containing NPs also have a wide usage. Copper-
oxide (CuO) NPs are antimicrobial and furthermore they have catalytic and 
semiconductive properties. They are therefore used in many consumer products 
such as textiles,20 photovoltaics, batteries and printable electronics.10 However, 
they have been shown to be more cytotoxic than other metal oxide NPs.21, 22 The 
high toxicity could be explained by the dissolution of copper from CuO, which is 
comparatively high and has been shown to generate reactive oxygen species (ROS) 
and induce lung inflammation.21, 23 This justified the investigation of the toxicity 
of these particles as well, and the comparison with pure Cu NP and the water 
soluble salt CuCl2.To this end, we used an in vitro model of human leukemic cells, 
HL60 (Paper IV). 
  



 

 

8 

 

 

2.3 Proper NP characterization is essential 
 
The importance of thorough material characterization in understanding their 
potential impact on humans and on the environment is in line with the demands 
established in the European Union regulation REACH (Registration, Evaluation, 
Authorization and restriction of Chemicals), which was implemented in 2007. The 
regulation obliges manufacturers and importers of chemicals to the European 
Union to register the chemicals and provide information on how they can be 
safely used. Consequently, with this regulation came a need for proper risk 
assessments of the materials, as well as insight in the possibility for read-across 
and grouping, to in a more efficient way classify similar materials. So far, 
nanomaterials are not treated as different from the bulk material within the 
REACH regulation, a fact that further motivates the importance of determining if 
and how NPs differ from the corresponding bulk material.24 
 
In the European Union commission recommendation1 on the definition of 
nanomaterials, the challenges with size characterization and the need of 
harmonized measurement methods were emphasized. Moreover, in an article by 
Cho et al it was demonstrated that metal-containing NPs of either high solubility 
(and thus release of high amount of metals) or with high absolute zeta potential 
(ZP) values in acidic environments induced lung inflammation by damaging the 
lysosomal membranes in cells.23 The metal release and ZP are consequently also 
essential characteristics to investigate in order to predict the potential toxicity of a 
specific NP. The release rate is influenced by several parameters such as size, 
particle composition, coatings and solution properties.25-30 

2.4 Surfactant interactions and self-assembly  
 
One of the main targets in this thesis is the interaction between Ag NPs and the 
surfactants prevalent in washing powder. Surfactants are amphiphilic molecules, 
i.e. they consist of a hydrophilic head group and a hydrophobic tail (Figure 3). The 
head group can be ionic, non-ionic or zwitterionic and the hydrophobic part is 
generally made up by a hydrocarbon tail, which can differ in length or be 
branched.31 Surfactants are prone to accumulate at surfaces and interfaces where 
they lower the surface tension and thus the free energy. The reason for the 
tendency of surfactants to accumulate at interfaces is related to the hydrophobic 
effect, implicating that they seek to avoid contact between the hydrophobic tails 
and water. This is achieved by arranging at the surface or interface as illustrated 
in Figure 3. At a certain surfactant concentration the surfactant unimers start to 
self-assemble into surfactant agglomerates called micelles. This surfactant 
concentration is denoted the critical micelle concentration (CMC). Upon micelle 
formation, the requirement of removing the hydrophobic tails from water is 
fulfilled since the tails are kept in the middle. Beyond the CMC any additional 
surfactants added to the system will be included in the micelles instead of 
accumulating at the surface and the maximum surface tension lowering effect is 
hence reached at the CMC, illustrated in Figure 3. The CMC depends on the 
properties of the surfactant and the properties of the surfactant depend on the 
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character of both the head and the tail.31 For example, the CMC is lowered with 
increased length of the tail, since that increases the hydrophobic effect. Charged 
surfactants have higher CMC than non-ionic surfactants, as the former have 
electrostatic repulsion between the charged head groups, which counteracts self-
assembly. Addition of salt to charged surfactants lower their CMC since the salt 
screens the electrostatic repulsion.31 
 

 
Figure 3: Surfactants consist of a hydrophobic tail and a hydrophilic head group (inset). 
When the surfactant concentration is increased the surfactants accumulate at the surface 
and the surface tension is decreased, up to the CMC where micelles start to form. 

2.5 The DLVO-theory 
 
The stability of NPs in solution can be estimated by the classical DLVO-theory for 
colloidal stability according to which the interaction between two surfaces is a 
result of the summation of the electrostatic double-layer repulsion and the Van 
der Waals attraction.  

2.5.1 Electrostatic repulsion originates from the double-layer  
The electrostatic double-layer repulsion results from the overlap of the electrical 
double-layer (ion cloud) surrounding the particles. The range of the electrostatic 
double-layer repulsion decreases with increasing electrolyte concentration in the 
solution due to screening of the surface charges giving rise to a thinner electrical 

double-layer. The Debye length (-1) that can be calculated from the ionic strength 
is a measure of the thickness of the electrical double-layer. The electrical double-
layer surrounding a charged particle originates from the fact that counterions 
(ions of opposite charge) in the aqueous solution accumulate close to the particle 
surface where they are strongly bound to the particle forming the inner layer, also 
called the Stern layer. Ions of the same charge as the particle surface (coions) will 
be depleted close to the charged surface. The concentration of counterions will 
decrease and the concentration of coions will increase with the distance from the 
surface until equilibrium (same concentration) is reached out in the bulk solution, 
as illustrated in Figure 4. This creates a region with more loosely associated ions. 
The distribution of ions in the ion cloud forms the electrical double-layer.32 The 
electrostatic double-layer repulsion can be estimated with the Poisson-Boltzmann 
equation, where the expression of the distribution of counterions at a certain 
distance from the surface (Boltzmann) is combined with the expression for charge 
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density at the same point (Poisson). This results in the expressions for the 
electrostatic double-layer repulsion (Eqs. 1 -3)33 
 

    
    

  
      

        [Eq. 1] 

 
Where r [m] is the radius of the sphere, x [m] is the surface to surface separation, 
n0 [number m-3] the number concentration of electrolyte, kB the Boltzmann 
constant [1.38*10-23 J K-1], and T [K] is the absolute temperature. Using  
z [number] the valence of the electrolyte, e [-1.6*10-19 C] the charge of the electron 
and ψ[V] the diffuse layer potential, γ is defined by  
 

      (
   

    
)   [Eq. 2] 

  
κ [m-1] is the inverse of the Debye screening length, expressed by  
 

    [
       

    
  
]
   

   [Eq. 3] 

 
with ϵo [8.854*10-12 C2 J-1 m-1] being the permittivity of vacuum ϵr the unitless 
relative permittivity of the material, , NA [6.022*1023 mol-1] Avogrado’s constant 
and I [mol dm-3] the ionic strength. For low potentials (<25 mV) Eq. 4 can be 
used.33, 34 
 

            
  

 

  
  [     (   )]  [Eq. 4] 

 

 
Figure 4: Schematic illustration of an anionic particle surrounded by an electrical  
double-layer. 
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2.5.2 Van der Waal attraction  
The van der Waal attraction originates from correlations in the fluctuating 
polarizations of nearby particles and is relatively insensitive to the electrolyte 
concentration, but instead depends on the material properties and the size of the 
particle, expressed by the Hamaker constant included in the expression for the 
van der Waal attraction, Eq. 5. 
 

       
    

 
   [

   

      
 
   

  
   (

      

  
)] [Eq. 5] 

 
H121 [J] is the Hamaker constant between two surfaces in water, and d [m] is the 
distance between the cores of the particles. Increasing the Hamaker constant 
increases the van der Waal attraction.33 Since metals are conductive and 
polarizable they have high dielectric constants and refractive indices, which 
render their Hamaker constants to be considerably higher than it is for other 
materials. As a consequence, the van der Waal attraction is relatively strong for 
metal-containing NPs as compared to other particles.33 Moreover it has been 
shown that the Hamaker constant is increased even further when the size 
decreases to the nanometer scale, due to changed electric properties of NPs.35 On 
the other hand, other studies have indicated that the van der Waal attraction 
rather diminishes with decreasing particle size, despite the higher Hamaker 
constants. This was reported to be a result of the free electron gas, which has a 
free path longer than the size of a NP.36 

2.5.3 Steric stabilization 
If the NPs are coated with e.g. polymers, proteins, or surfactants, contributions 
from steric repulsion arising from the interactions between the coatings on the 
particles as well as between coating molecules and the solvent should, in addition 
to the factors considered in the traditional DLVO theory, be taken into account.  
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2.6 Nanotoxicology 
 
The safety assessment of nanosized materials is addressed within  nanotoxicology, 
a branch of toxicology put forward by Donaldson et al in 2004.37 As pointed out in 
a review by Oberdörster et al in 2005, it is however not necessarily a new area, but 
rather a discipline evolving from studies on fine and ultrafine particles.3 Human 
exposure to particulate matter (including NPs) has always existed, from e.g. forest 
fires and volcanic eruptions.3 Exposure to airborne particles also occurs both at 
occupational settings and as a result of combustion and traffic, and their health 
effects have been widely investigated.3 However, with the increasing use of 
nanomaterials their effects on human health remain to be further studied in order 
to ultimately be able to perform correct risk assessment of the NPs.3 There already 
exist a large number of scientific papers investigating the toxicity of NPs both in 
vitro and in vivo. It is difficult to draw general conclusions since the results are 
inconsistent and the outcome differs widely depending on the type of NP, 
experimental model and exposure conditions. Proper characterization of the NPs 
is thus essential.38 For example one study39 reported that a 1h exposure to  
10 μg Ag NPs mL-1 reduced the cell viability considerably, whereas other 
investigations40, 41  showed no cytotoxicity for Ag NP concentrations up  to 
100 μg mL-1 for 24h. These studies used different cell types and differently sized 
Ag NPs, making comparisons between them impossible without proper particle 
characterization regarding e.g. metal release and particle stability in the 
respective media.  
 
In addition to variations in cytotoxicity reported in the scientific literature, the 
mechanisms behind the observed toxicity are highly debated. The size of the NPs 
is in the same range as many biomolecules that exist in our body which may 
facilitate their interaction and consequent disruption of biological processes. In 
addition, the small size means that they are more easily engulfed by cells and 
translocated throughout the body.3 These factors, together with their potentially 
high activity due to the relatively high amount of atoms present at the surface, are 
what makes them desirable to use within e.g. medicine, but also the reason to why 
they pose a potential safety concern. However it is important to note that even 
though many NPs have been shown to be more toxic than the corresponding bulk 
material, it may not necessarily apply for all NPs.42 One topic that is often 
discussed is if the metal NPs themselves are the reason for their higher toxicity 
compared to bulk material, or if it is the increased release of metals that induce 
toxicity.43 Beer et al 44 postulated that the toxicity of Ag NPs is related to the 
release of silver ions, and Cronholm et al 45 showed that the cellular uptake of 
silver was considerably higher when the cells were exposed to Ag NPs compared 
to a soluble silver salt. An explanation that is becoming more and more evident 
from experimental data is the so called Trojan horse hypothesis. According to this 
theory, metal NPs are considered as transport vehicles into the cells and upon 
cellular uptake, metals are released within the cell.46  Metal NPs are readily taken 
up by cells while the transport of metal ions is more strictly regulated.47 Once 
inside the cell the NPs and the released metal ions can for instance generate 
reactive oxygen species (ROS), induce various inflammatory signals, or bind to 
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proteins and alter their functions. The influence on toxicity of the size and shape 
of the NPs, their charge, coating and the existence of a surface oxide are other 
topics that are debated in literature.48 In a study by Liu et al 49 it was shown that 
smaller Ag NPs were more cytotoxic than larger Ag NPs to several different cell 
types, while other studies indicate the opposite.50 Size-dependent toxicity of  
Ag NPs was evaluated in Paper II of this thesis. 

2.6.1 Reactive oxygen species 
Oxidative stress has been identified to be one of the major reasons for the toxicity 
of NPs.2, 3 The main responsibility for oxidative stress lies on the overproduction 
of reactive oxygen species (ROS), such as hydrogen peroxide H2O2, the hydroxyl 
radical OH●- and superoxide radical O2●-.51 NPs can generate ROS in several ways, 
either directly at the NP surface or via release of metals ions that can participate 
in Fenton reactions, interact with the mitochondria, other cell compartments or 
proteins, or activate the immune system.2 ROS are to some extent present in 
healthy cells as a result of the electron transfer involved in energy storage 
occurring in the mitochondria, and are important for many processes, such as cell 
growth, cell signaling and the immune function.52 Cells have developed 
mechanisms to cope with ROS, for example antioxidants that can provide the ROS 
with electrons and thereby prevent them from damaging the cells, or to repair 
damage that has already occurred.52  However, when the level of ROS is too high, 
oxidative stress occurs as a result of the imbalance between the ROS and the 
cellular defense mechanisms.52 Depending on the level of oxidative stress that the 
cell experience, different types of cell damage may occur, and may at higher levels 
ultimately lead to apoptosis (programmed cell death) or necrosis (uncontrolled 
cell death).  

2.6.2 Exposure routes 
There are four different routes of entry of NPs to the body; inhalation (respiratory 
tract), ingestion (gastro intestinal tract), dermal exposure (skin) and injection 
(blood).3 Due to the small size of NPs, and that they sometimes are hidden by a 
bio-corona, they may escape conventional defense mechanisms, such as 
macrophage phagocytosis or mucociliar clearance.  Instead, after the initial 
exposure the NPs are able to either be taken up by cells at the exposure site 
through endocytosis or translocate via the blood and lymph circulatory systems to 
other internal organs such as the heart, liver or kidneys, or pass the blood-brain 
barrier and enter the central nervous system.3, 53  
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3. Research aims 
 
The aims of this doctoral thesis are to: 
 

- Provide guidance in the characterization of metal NPs in terms of:  
o Selected important parameters to characterize (size, metal 

release, zeta potential and surface interactions) (Papers I-VI). 
o Selected methods that exist for this purpose, with main focus on 

metal release, size distributions and ZP measurements (Paper 
VI). 

o Common pitfalls encountered during metal NP characterization 
and how to avoid them (Paper VI).  

- Describe how some of the properties of metal NPs depend on each other, 
by thoroughly characterizing the NPs using a multianalytical approach. 
The properties mainly addressed are size distributions, metal release and 
zeta potential (Papers I-IV) 

- Identify how the properties mentioned above, the solution and the 
exposure conditions influence the behavior of NPs in solution, 
bioaccessibility and toxicity. This is done via thorough characterization of 
the NPs used in the two cytotoxic studies (Papers II and IV). 

- Contribute to the knowledge about the environmental fate of Ag NPs used 
in e.g. sportswear by investigating their interactions with surfactants 
present in washing powder, in terms of stability, charge (Papers I, III  
and V) and metal release (Paper III). 
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4. Experimental considerations 
 
Detailed information on all materials, equipment, cleaning procedures, exposure 
conditions and instruments is given in the respective papers. 

4.1 Materials 
 
Within this work several different kinds of particles have been investigated, 
depending on the goal of the respective study. A summary of all NPs is given in 
Table 1. In Papers I and III the aim was to study the interaction between Ag NPs 
and different molecules (surfactants relevant to the laundry cycle in Paper I, and a 
sequence imitating the exposure scenario of an Ag NP impregnated fabric with 
sweat, laundry relevant surfactants and sea water, in Paper III). Uncoated anionic 
commercial Ag NPs were investigated for this purpose. In Paper II was the size 
and coating dependent cytotoxicity of Ag NPs studied with a panel of different Ag 
NPs. Paper V is an investigation of the interaction between the positively charged 
surfactant CTAB and anionic Ag NPs by means of SANS and SAXS. However, the 
instrumentation required higher concentrations and more monodisperse 
solutions of Ag NPs than was possible to obtain with the Ag NPs used  
in Papers I and III. We therefore decided to synthesize our own  
Ag NPs, following a procedure developed from the protocol suggested by 
Creighton et al.54 Paper VI elaborates on the measurements and presentations of 
zeta potential (ZP) measurements, and for this purpose we used the 10 nm citrate 
coated Ag NPs that were already well-characterized in Paper II, and highly soluble 
Zn NPs, obtained by electrical explosion. In Paper IV the cytotoxicity of Cu and 
CuO NPs was studied to explore how changing the material affects the surface 
chemistry of the particles, dissolution kinetics, stability and toxicity. 
 
Table 1: NPs used in the different papers 

Material Supplier Paper 

Ag NPs 50 nm uncoated EV NANO, China I, II,III 

Ag NPs 10 nm citrate coated 

Nanocomposix Inc, USA 

II,VI 

Ag NPs 10 nm PVP coated II 

Ag NPs 40 nm citrate coated II 

Ag NPs 75 nm citrate coated II 

Ag NPs neg Custom-made54 V 

Cu NP Ionic Liquides Tech., Germany IV 

CuO NP Sigma–Aldrich, USA IV 

Zn NP LLC Advanced Powder Tech., Russia VI 

 
In Papers I, III and V, interactions between differently charged surfactants and Ag 
NPs were studied. The type of surfactant, their abbreviation, their structural 
formula and their CMCs are presented in Table 2. The anionic surfactant LAS and 
the alcohol ethoxylate Berol are commonly used in washing powder55, whereas 
positively charged surfactants are often used in softeners and here represented by 
DTAC and CTAB. 
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Table 2: Surfactants used in Papers I, III and V for studying the influence of surfactants 
on particle stability, metal release and surface charge of Ag NPs. 

 
In addition to the solutions used, and in order to mimic different steps in the 
washing cycle, the NP exposure to two synthetic body fluids was investigated, in 
terms of NP stability and metal release. Artificial sweat (AS) was used to simulate 
the environment on the skin, which is a likely exposure scenario with Ag NPs 
incorporated in sportswear and in line with the EN1811 standard.56 Artificial 
lysosomal fluid (ALF) was used to simulate the lung upon inflammation, e.g. as a 
result of NP phagocytosis. Two different cell lines were used to assess 
nanotoxicity. BEAS-2B is an immortalized human bronchial epithelial cell line, 
and was used to simulate lung exposure to Ag NPs (Paper II). The cell line was 
chosen because lung exposure to NPs is a likely scenario.3  Another relevant 
human exposure route to NPs is via the blood, hence studied by exposing the 
human leukemia cell line HL60 (Paper IV) to copper-based NPs. The BEAS-2B 
cells are adherent cells and were cultured in BEGM, which is a serum-free 
formulated medium, while the HL60 cells are suspension cells grown in RPMI 
medium supplemented with serum. The cells and cell media used in the respective 
studies are summarized in Table 3. 
 
Table 3: Cells, cell media and serum content used in Papers II and IV 

Cells Cell media Serum  Paper 
BEAS-2B BEGM - II, VI 
HL60 RPMI + IV 

Name 
CMC 
Type 

Structural formula 

Berol 
0.075mM 
nonionic 

 

LAS 
1.2 mM 
anionic 

 

DTAC 
20 mM 
cationic 

 

CTAB 
1.0 mM 
cationic 
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4.2 Techniques 
 
The techniques used within the framework of this doctoral thesis are summarized 
in Table 4. A majority of the work within this thesis was performed in 
collaboration with other disciplines, mainly with toxicologists at Karolinska 
Institutet. This enabled the use of several analytical techniques as well as cell 
biology methods, and thus provided the possibility to place our research in a 
broader perspective while providing an in-depth understanding on the 
consequences of proper particle characterization. Consequently, several different 
analyses could be performed in parallel by the different collaborating researchers. 
The results were always interpreted and discussed as a team. Table 4 summarizes 
the techniques used. In order to make the content of this doctoral thesis and the 
attached scientific papers comprehensible for its multi-disciplinary audience, a 
selection of the techniques is also introduced by a short description, together with 
illustrations and a short discussion about advantages and drawbacks, as well as a 
motivation to why the specific technique was chosen. Further information on the 
technical details are given within the papers. 
 
Table 4:  Summary of the techniques used within this doctoral thesis 
Relevant 
for 

Technique What was studied? Papers 

Behavior in 
solution  

DLS/PCCS 
Size distribution, 
agglomeration behavior 

I-VI 

LALLS III 

UV-VIS spectroscopy II 

SANS Size and shape of surfactants V 

SAXS Size and shape of the Ag NPs V 

TEM 
Size, agglomeration, cellular 
uptake of the NPs 

I,II,IV,V 

AAS 
Metal release, total metal 
concentration, cellular 
uptake 

I-VI 

ZP Apparent surface charge I, IV,V,VI 

Surface 
interactions 

XPS Surface composition I,III 

Raman spectroscopy 
Adsorption of surfactants 

III 

QCM-D I 

Toxicology 

Trypan blue assay  

Cell viability 

II,IV 

Alamar blue assay II 

LDH assay II,IV 

FITC-Annexin V and PI IV 

γH2AX foci formation 
Genotoxicity 

II 

Comet assay II,IV 

TMRM assay Mitochondrial damage IV 

DCFH-DA assay ROS levels II,IV 
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4.2.1 Size distributions 

DLS/PCCS 
The size distributions and agglomeration behavior of the NPs in solution was 
measured by means of dynamic light scattering (DLS). In light scattering the 
sample is irradiated with laser light that is scattered by the particles. The intensity 
of the scattered light I(θ) [cps] depends on the scattering angle, θ [degrees]. If the 
intensity of the irradiated light is I(0) [cps], the difference between the resulting 
two light vectors is called the scattering vector q [m-1], defined in Eq. 6 in Figure 5. 
The scattering from the particles interferes with each other, giving rise to a 
speckle with constructive spots of high intensity of scattered light and destructive 
spots of low intensity. The intensity in a specific spot fluctuates over time, as the 
scattering from the particles will interfere differently over time since the particles 
move and the distance between them change. In DLS the fluctuations in intensity 
over time is analyzed with photon correlation spectroscopy (PCS). From the decay 
rate of the correlation, information is obtained about the motion of the particles in 
solution. Since the fluctuations for large particles are less intense than for small 
ones, the correlation for the former will persists longer than the correlation for the 
latter. This motion of the particles, called Brownian motion, is described by the 
diffusion coefficient, D [m2 s-1]. By determining D the hydrodynamic size R [m] of 
the particles can be obtained from the Stokes-Einstein equation (Eq. 7 in Figure 
5), if the viscosity   [kg s-1 m-1] temperature T [K] is known. In all papers included 
in this thesis (Papers I-VI), the DLS was measured on an instrument employing 
photon cross correlation spectroscopy (PCCS). PCCS differs from conventional 
PCS in that the sample is irradiated with two laser beams simultaneously, giving 
rise to two speckles, detected on two separate detectors.57 Only the speckles giving 
the same scattering vector q is then taken into account in the analysis, and 
multiple scattering coming from a photon being scattered multiple times is 
thereby avoided.57 Thus, higher concentrated samples than possible using PCS can 
be studied. To estimate the size of the particles from the correlation function an 
algorithm must be used, in this case non-negative least square fitting (NNLS).   
 

 
 
Figure 5: The incident light is scattered when passing through a sample, and q is a vector 
defined as the difference between the two vectors representing the light beams. In PCCS 
two laser beams give two scattering vectors (qA and qB), and with the cross-correlation, only 
scattering events that give equal qA and qB are taken into account. 
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LALLS 
The size distribution of large agglomerates was in Paper III measured by means of 
low angle laser light scattering (LALLS). With this technique a similar setup as 
presented in Figure 5 is used, but only one incident laser light beam is used and 

the scattering intensity at comparatively small scattering angle  is studied. This 
and the use of a mechanical disperser that prevents particle agglomerates from 
sedimenting during the measurement, enable detection of large agglomerates in 
addition to the smaller particles that were studied by means of PCCS. This 
technique was used in Paper III due to rapid formation of large agglomerates. 

UV-vis spectroscopy 
UV-vis spectroscopy can be used to obtain information about the size distribution 
and agglomeration processes of metallic NPs by looking at the position, intensity 
and width of the band for the surface plasmon resonance (SPR). The SPR is a peak 
occurring in the UV-vis spectra, originating from oscillating conducting electrons 
at the surface. For NPs the appearance depends on their size.58, 59  This method 
was therefore used in Paper II to confirm the difference in agglomeration 
behavior of the differently coated Ag NPs. 

Small angle scattering (SANS and SAXS) 
In Paper V the interaction between Ag NPs and the surfactant CTAB was 
investigated by combining the two complementary small angle scattering 
techniques, SAXS and SANS. In SAXS, the sample is irradiated with X-rays that 
interact with the electrons in the molecule. The strength of the interaction is 
called the scattering length density, and for SAXS the interaction increases with 
increasing electron density. Basically, elements with high atomic number (e.g. Ag 
NPs) give high contrast compared to elements of lower atomic number. In SANS, 
a beam of neutrons is used to irradiate the sample, and the interaction occurring 
is between the neutrons and the nucleus of the molecule. SANS can detect species 
containing hydrogen (e.g. surfactants) if deuterium dioxide is used as solvent, as 
the neutron scattering length is very different between hydrogen and its isotope 
deuterium. Scattering data is obtained in reciprocal space and by fitting it to 
models by means of least square methods, information about the size, shape and 
interactions of the specific molecule can be obtained.60, 61 In the model used to fit 
the SANS data, the intensity for non-spherical interacting micelles is expressed as 
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where M is the molecular mass [u] of a particle and Δρ [m u-1] is the difference in 
scattering length per unit mass of the solute. P(q), is the orientational averaged 
form factor for triaxial ellipsoidal micelles, with half axes a [m], b [m] and c [m], 
and equals 
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where 
 

F(q, r) = 3sin(qr) - qrcos(qr)/(qr)3   [Eq. 10]  
 
and 
 

 (         )  √(               )               [Eq. 11]  

 

Srep and Satt are the repulsive and attractive structure factors, respectively. Srep 
represents the electrostatic interactions originating from free micelles repelling 
each other with a double-layer force, derived by Hayter and Penfold62 from the 
Ornstein-Zernike equation in the rescaled mean spherical approximation,63  and 
Satt derives from clusters of micelles attracted by the Ag NPs. xclust is the fraction of 
micelles participating in a cluster whereas the fraction of free micelles is denoted  
1 – xclust. Satt accounts for the cluster formation and is derived for sticky hard 
spheres of radius rHS [m] outside which an attractive square well pair potential of 
depth u [m] and width δ [m] is located.64  β is a decoupling approximation, 
assuming that the aggregates are non-spherical and have a small anisotropy and 
that the interactions between them will not at all be affected by their orientation. 

It is expressed by
65, 66
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  〈  ( )〉    [Eq. 12]  

TEM  
Transmission electron microscopy (TEM) was used to visualize the NPs both in 
the relevant dispersion medium (Papers I, II, IV and V) and inside the cells (Paper 
II). A beam of electrons is passed through a thin sample, focused via 
electromagnetic lenses and finally captured by a sensor resulting in an image of 
the features in the sample. When in STEM mode, the electron beam is focused on 
one point in the sample and then allowed to scan the surface, which gives higher 
resolution. The chemical composition is measured by means of energy dispersive 
X-ray spectroscopy (EDS). In EDS, an inner core electron is excited, followed by 
replacement of its place by an electron from one of the outer shells with higher 
energy. The energy difference is emitted as an X-ray, which can be detected and is 
element specific. 

4.2.2 Metal concentration in solution 
The total concentration of metals in solution was measured by means of atomic 
absorption spectroscopy (AAS), in all Papers I-VI. The sample is atomized by 
either a flame or in a graphite furnace. Graphite furnaces yield lower detection 
limits but may induce interference from e.g. the matrix. However, proper usage of 
a matrix modifier can overcome such a problem. After atomization the atoms are 
irradiated with photons emitted from a hollow cathode lamp (HCL). The photons 
are of the same wavelength as the metal that is being analyzed, and the 
absorbance of that light gives information about the concentration of the total 
amount of atomized metal in the sample when compared to a calibration curve 
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obtained from standard solution of known concentration, according to Beer’s 
law.67 The analysis process is schematically illustrated in Figure 6.  

 
Figure 6: The total metal concentration in solution is determined from absorbance of 
atomized atoms for the metal specific photons emitted from a hollow cathode lamp (HCL). 

4.2.3 Zeta potential 

As explained in the section about the DLVO theory, a particle in an aqueous 
solution is surrounded by a cloud of ions. This causes a charge difference resulting 
in a potential that will change depending on the distance from the surface.  When 
the NP moves in the solution, the ions adjacent to the particles surface will move 
with it. The outer border of the ion layer that moves with the particle is called the 
slipping plane, or hydrodynamic shear plane. The zeta potential (ZP) is the 
potential at the slipping plane, as was illustrated in Figure 4.32 To avoid 
misunderstandings it is important to note that the ZP is not the same as the actual 
surface charge. When the particle and the surrounding electron cloud are placed 
in an external electrical field, they will move with a speed and direction depending 
on the potential of the electric field and the size of the particles32; the 
electrophoretic mobility. From the measured electrophoretic mobility, the ZP is 
obtained by a number of assumptions depending on which method that is being 
used for the conversion. The Henry equation is often used for this conversion68 
and with this follows several possible approximations, either in line with 
Smoluchowski or Hückel.32 There are three main reasons for changes in a the ZP 
of a particle: dissolution of ions from the surface of the particle, ionization of 
functional surface groups, and adsorption of ions or agglomerates onto the 
particle surface.69 These events will change the total number of charges per unit 
area; i.e. the charge density of the particle [C m-2]. The ZP also depends on the pH 
of the solution.70  

4.2.4 Surface composition and adsorption 

XPS 
In Papers I and III the chemical composition of the outermost layer of the 
material was determined by means of x-ray photoelectron spectroscopy (XPS). In 
this technique the material is irradiated in vacuum with an x-ray that causes 
electrons to be emitted from the material, as illustrated in Figure 7. The number 
of electrons emitted and their kinetic energy (EK) are recorded. As the wavelength 
of the irradiating x-ray is known, and with that the energy of the x-ray (EX), the 
binding energy (EB) of the electrons can be calculated according to Eq. 10 in 
Figure 7. The generated spectra of number of electrons and their EB are 
characteristic for each element. 
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Figure 7: Chemical composition of the outermost layer is obtained based on the binding 
energy of the electrons. 

QCM-D 
In Paper I the adsorption of surfactants onto a planar metal surface was estimated 
with quartz crystal microbalance with dissipation (QCM-D). The quartz crystal 
oscillates due to a voltage that alternatingly is applied to it, and the frequency by 
which it oscillates changes when the mass adsorbed on the quartz crystal changes, 
as illustrated in Figure 8. The relation between the sensed mass and the frequency 
can be expressed  according to the Sauerbrey equation71 or the Kevin Voigt 
model72. Dissipation means that the amplitude of the oscillation decreases with 
time, as a result of energy being lost as heat, and it is greater the less dense the 
adsorbed layer is, and can thereby be used as a measure of the viscoelasticity.73 It 
should be stressed that the mass sensed on the quartz crystal includes water that 
is trapped within the adsorbed surfactant layer. Another important thing to stress 
is that QCM-D experiments are performed on planar evaporated surfaces and not 
on particles.  

 
 

Figure 8: In QCM the change in oscillation frequency is related to the sensed mass, which 
includes water trapped in the adsorbed layer.  
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Raman spectroscopy 
The molecules present in the material and interactions between them can be 
determined by means of Raman spectroscopy, where the inelastic scattering 
(opposed to the elastic Rayleigh scattering) is determined when the sample is 
irradiated with photons of a known energy. The inelastic scattering results from 
energy transfer to/from the molecules in the sample, which causes changes in 
their vibrational energy state. Every molecular vibration gives a distinct energy 
transition peak, which is measured and the Raman spectra is a result of all these 
peaks. Only molecular vibrations where the polarizability is changed give rise to 
peaks in Raman. The photons measured can be either of lower energy than the 
incoming light (Stokes) or of higher energy (anti-Stokes), as illustrated in Figure 
9. This technique was used in Paper III to reveal the compounds present at the 
surface after different exposure conditions 

 
 

Figure 9: The inelastic scattering is measured and produces a Raman spectra 
characteristic for each molecule. 

4.2.5 Cell viability 

Trypan blue assay 
One of the most common 
procedures to estimate the cell 
viability is by the Trypan blue 
exclusion assay, which was used 
in Papers II and IV to assess the 
toxicity of the NPs. Only cells 
with damaged cell membranes 
will allow for the dye to reach 
the intracellular compartment, 
turning those cells blue as 
depicted in Figure 10.  

 

Figure 10: Viable cells exclude the blue dye 
whereas cells with damaged cell membrane 
don’t. 
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Alamar blue assay 
Viable cells are metabolically 
active and reduce the resazurin 
dye (non-fluorescent, blue) to 
resorufin (around 600 nm-
flourescence, red), as illustrated 
in Figure 11. This can be 
detected and quantified either 
using absorption or 
fluorescence spectrometry. was 
used in Paper II to assess the 
toxicity of  Ag NPs. 

 
Figure 11: In viable cells resazurin is reduced 
to resorufin which is a red fluorescent 
molecule. This process does not take place in 
non-viable cells.  

LDH assay 
The absorbance in the 
supernatant of a cell suspension 
is relative to its amount of the 
enzyme LDH. LDH catalyzes 
the formation of the red 
compound formazan, as 
illustrated in Figure 12, and is 
normally found inside the cells. 
The enzyme content of the 
supernatant is a measure of the 
amount that has leached 
through the cell membrane. 
This can be used to estimate the 
cellular membrane damage and 
thus the cell viability and was 
used in Paper II.  

 
 
Figure 12: Viable cells do not leach the 
enzyme LDH, while cells with damaged cell 
membrane do. LDH indirectly catalyzes the 
formation of the red compound formazan. 

 

FITC-Annexin V and PI 
In order to better comprehend the mechanisms behind NP toxicity we wanted to 
see the type of cell death (apoptosis or necrosis) that was induced on the cells 
upon exposure to Cu and CuO NPs in Paper IV. In the early stages of apoptosis the 
cells display the phospholipid phosphatidylserine on the outside of the cell 
membrane in order to mark the cell for phagocytosis. FITC-Annexin V is a green 
fluorescently labelled protein with a high affinity for phosphatidylserine, and the 
cells undergoing apoptosis can thereby be detected as green fluorescent.  PI 
(propidium iodide) is a red fluorescent molecule that binds to the DNA molecule. 
In late stage apoptotic cells or in necrotic cells, the cell membrane is sufficiently 
damaged that it allows the PI molecule to diffuse inside the cell, and the cell hence 
becomes red fluorescent. To summarize, viable cells are non-fluorescent, cells in 
early apoptosis show green fluorescence from the FITC-Annexin V, whereas 
necrotic or late apoptotic cells show both green (FITC-Annexin V) and red (PI) 
fluorescence. Figure 13 illustrates the three cases. 
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Figure 13: Viable cells do not interact with the green-fluorescent FITC-Annexin V 
molecules and they exclude the red-fluorescent PI, and therefore remain non-fluorescent. 
Early apoptotic cells become green fluorescent because they interact with FITC-Annexin V. 
Late apoptotic/necrotic cells fluoresce in both green and red, since they interact with FITC-
Annexin V and are not able to exclude PI. 

4.2.6 Genotoxicity 

The comet assay 
The comet assay measures DNA damage by means of electrophoresis. After 
embedding the cells in agarose on the surface of a microscopy slide, they are lysed 
to break down the cell membrane and other cell constituents, leaving only the 
supercoiled DNA in the form of a nucleoid, followed by alkaline unwinding. By 
applying an electric field, the anionic DNA molecules move towards the electrode. 
This forms a tail of damaged DNA, which moves fast through the electrophoresis 
between the nucleoid with the non-damaged DNA and the electrode. After 
staining the slides, the fluorescent intensity from this tail in relation to the 
nucleoid is a measure of the DNA damage. The process is schematically illustrated 
in Figure 14. In Papers II and IV we used the alkali version of the comet assay, 
since it allows detection of alkaline labile sites and single strand breaks, in 
addition to double strand breaks which are detected at neutral conditions. In 
Paper IV we also wanted to see how much of the DNA damage that came from 
oxidation, which was achieved by adding one additional step including the 
enzyme formamidopyrimidine DNA glycosylase (FPG) that recognises and 
removes oxidized DNA purinic bases. 
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Figure 14: Damaged DNA molecules move faster in the electrophoresis and give rise to a 
structure resembling a comet.  

γH2AX foci formation 
When a DNA double strand break 
occurs, the histone H2AX becomes 
phosphorylated, as depicted in 
Figure 15. Hence, detection of the 
phosphorylation can be used as a 
marker of DNA double strand breaks 
and was used in Paper II.  

Figure 15: A double DNA strand break 
in the cell nucleus leads to 
phosphorylation of the H2AX histone to 
γH2AX. 

4.2.7 ROS levels 

DCFH-DA assay 
The level of reactive oxygen 
species (ROS) in the cytoplasm 
can be assessed with this assay. 
In the presence of ROS, 
dichlorodihydrofluorescein 
diacetate (DCFH-DA) is de-
acetylated and oxidized to the 
fluorescent molecule DCF, which 
can be detected. Figure 16 shows 
the reaction taking place in a cell 
rich in ROS. This assay was used 
in both Papers II and IV. 

 
Figure 16: The fluorescent molecule DCF is 
formed In the presence of ROS. 
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5. Summary and discussion of the key results 

5.1 Overview 
 
In order to reach the objectives of this doctoral thesis, i.e. to correlate material 
and surface properties of NPs with their behavior in solution, bioaccessibility and 
toxicity, and to provide guidance of such measurements, a multianalytical and 
highly interdisciplinary approach was applied. The following sections highlight 
some of the results presented in the appended papers, together with relevant 
literature findings to put the results in a broader perspective.  
 
 

 
 

Figure 17: Research strategy and summary of key findings. 
 
Contact between surfactants present in the washing powder and the Ag NPs 
influence their stability in solution and further transport through different 
transients. In Papers I, III and V these interactions and how they affect the NP 
stability and metal release were investigated. Some aspects of potential human 
effects related to NP exposure were addressed in Papers II and IV. In all, main 
focus has been placed to perform NP characterization in a systematic, robust and 
reproducible way (Papers I-VI).    
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5.2 Which conditions are relevant to simulate when 
working with NPs? 

 
Potential hazards on human exposure to NPs are important aspects to consider. 
Because of their small size, NPs have a higher ability to reach different biological 
compartments and have different biodistribution pattern as compared to larger 
particles. For this reason we selected two different cell lines for our toxicity 
studies: one bronchial epithelial cell line (BEAS-2B) representing lung exposure 
to Ag NPs (Paper II), and one cell line representing blood cells (HL60) exposed to 
Cu and CuO NPs (Paper IV). As discussed in the review by Oberdörster et al3, in 
vitro toxicity studies often use higher particle doses than what is relevant from an 
in vivo perspective. This might be necessary in order to discern toxic outcomes in 
vitro, but the authors of the review emphasize the possibility of other mechanisms 
coming into play as the concentration is changed. The same considerations should 
also apply for the physicochemical properties, as the behavior of NPs may change 
with concentration. For example, during the work of this doctoral thesis, it has 
been observed that agglomeration increases with increasing NP concentration. 
This in turn may decrease the surface area exposed to the solution, and potentially 
the metal release and other parameters. However, this behavior is highly material-
specific. In order to generate applicable data it is thus important to choose 
relevant doses for the toxicity studies, and to characterize the NPs under the same 
conditions, regarding exposure dose, solution composition, sonication conditions 
and aging. In order to test the dose dependent effect of Ag NPs on cell viability 
and production of ROS in Paper II, the studied particle concentration ranged from 
5 to 100 mg L-1 and 5 to 20 mg L-1, respectively. The concentration of Ag NPs used 
to assess the genotoxicity was set to 10 mg L-1. This concentration was chosen 
because it was lower than the measured cytotoxic concentrations, and we wanted 
to see if DNA damage could occur even below the cytotoxic concentrations. The 
same concentration was used for the particle characterization in cell medium and 
for the uptake studies in Paper II. It was also used in Paper VI in which ZP 
measurements on the same NPs are discussed. For the copper-containing NPs 
studied in Paper IV, the concentrations used were based on the inhibitory 
concentration (IC), estimated from cell viability results from the Trypan blue 
exclusion assay. For the Cu NPs, NP concentrations ranging from 12 to 17 mg L-1  
were investigated, whereas CuO NP required concentrations from 60 mg L-1  to 
120 mg L-1. In addition, 80 mg L-1  was studied in both cases. 
 
The human exposure depends on the bioaccessibility of the NPs, which in turn 
depends on their stability in solution and subsequent transport through different 
chemical transients. This was addressed by studying the behavior of Ag NPs in a 
surfactant solution simulating interactions with washing powder (Papers I, III 
and V) and in artificial sweat and surface water (Paper III). The Ag NPs 
concentrations used in these studies (10-100 mg L-1) are comparable with the 
amounts silver released from fabrics during washing.6 
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5.3 Which parameters are important to consider when 
working with NPs? 

 
One of the main objectives of this thesis was to characterize NPs and determine 
their behavior in solution. This was achieved by assessing the parameters 
associated with stability (e.g. agglomeration and metal release). Several properties 
influence these parameters with varying effect, such as size and surface charge of 
the NPs, chemical properties of the solution (e.g. salinity, pH and organic 
content), and the exposure conditions (e.g. dose and way of sonication). These 
properties influence each other and may induce synergistic effects on the 
parameters affecting the behavior of the NPs. The metal release, for example, 
depends on the particle size distribution and the agglomeration behavior of the 
NPs, which in turn depend on e.g. dispersion methods and the surface charge of 
the NPs. The surface charge depends on solution properties, such as ionic content, 
which will be affected by metal release and so on. This makes the identification of 
correlations a complex task, but nonetheless crucial for understanding and 
predicting the behavior of the NPs. The influence of the following parameters has 
been evaluated in thesis: 

- Size and size distributions in solution 
- Surface charge 
- Solution properties 
- Exposure conditions 
- Metal release 
- Chemical composition of the NPs 
- Surface interactions  

In the following are each of the contributions discussed separately. They all 
depend on each other, and the following is an attempt to describe from different 
perspectives how they influence each other. Some of the important aspects to 
consider when evaluating each parameter are discussed. In addition to the 
parameters mentioned above, the shape of the particles is important for their 
behavior in solution and toxicity74-77, but has not been further examined within 
the frame of this thesis.  

5.3.1 Size and size distribution 
Since the small particle size gives a comparatively large surface area, the size and 
size distribution is one of the key properties when studying NPs. If the surface 
area is increased the number of surface atoms, and thus the potential reaction 
sites, are increased. This is, as discussed above, one of the main reasons for their 
unique properties but may at the same time increase the potential risk of using 
NPs.2 Proper and meticulous determinations of the size and size distributions are 
therefore of utmost importance. Depending on which technique that is used and 
how the data is evaluated, the reported size of the NPs may differ considerably. 
Therefore in this thesis several different techniques are combined, in order to 
provide an as transparent picture as possible. 
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5.3.1.1 Interpreting and presenting the size distribution data 
The presentation of size distribution data from e.g. dynamic light scattering 
measurements can be reported either based on numbers, volume or intensity, as 
illustrated in Figure 18a. These three curves are all from the same PCCS 
measurements, i.e. on Ag NPs in 10 mM NaCl, but deviate a lot from each other.  
 

 
Figure 18: (a) The size distribution in solution of Ag NPs in 10 mM NaCl based on 
numbers (dotted line), volume (full line) and intensity (dashed line) based on a PCCS 
measurement, (b) A schematic illustration of the contribution to the total size distribution 
for the same number of particles of 10 nm and 20 nm, depending on type of distribution 
(number, volume or intensity). 

The discrepancies presented in Figure 18a are because the number density shows 
the size of the majority of the particles, the volume density provides information 
on the most dominant volume of the particles and the intensity density shows the 
large particles/agglomerates from which  most light scattering comes. For this 
reason, the number distribution will mainly show the smallest particle sizes. The 
intensity distribution is on the other hand dominated by the larger features, since 
the intensity of the scattered light is increasing non-linearly (proportional to 106) 
with size. As an illustrative example, Figure 18b shows how large a part of the size 
distribution that in the three cases would come from a solution consisting of equal 
quantities of NPs with 10 nm radius and NPs with 20 nm radius. In the number 
distribution, equal quantities of the two particle sizes would give 50 % 
contribution from the 20 nm particles to the total distribution. A considerably 
larger (8 times) percentage of the total volume comes from the 20 nm particles, 
and the percentage of the large particles to the intensity distribution is even larger 
(64 times). In this thesis the volume distribution is chosen as the representative 
distribution since it is shows data from both large and small size domains.  
 
The proportion of the peak at small size distributions (less than 10 nm) is often 
overestimated. This is because of the rotational diffusion which can occur for 
small, non-spherical particles.78 To be able to fully understand the size 
distribution coming from the DLS results, it is therefore crucial to complement it 
with other techniques.  
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5.3.1.2 Different techniques reveal different aspects 
By combining several different techniques, the generated results become more 
robust and reliable. Additionally, the characteristics investigated differ between 
the techniques and may generate seemingly different results, which make 
comparisons between them non-trivial.79, 80 One of the most common techniques 
for evaluating size in addition to DLS and other scattering techniques is electron 
microscopy, which gives an image of the particles. When comparing the sizes 
found with the different techniques80, it is important to keep in mind that electron 
microscopy measures the particle size in vacuum while DLS provides the 
hydrodynamic size in solution. An additional difference between microscopy and 
scattering techniques is that in scattering, the results represent a mean value, 
whereas microscopy may show local deviations.  
 
The combination of several different techniques allows detection of different 
aspects. As an example, in Paper III Ag NPs were exposed to a sequence of 
different solutions in order to simulate the whole washing cycle. In that study the 
NPs quickly agglomerated and sedimented due to the high ionic strength in the 
exposure solutions. To complement the PCCS finding, which only showed the 
domain of small particles left in the solution after sedimentation, LALLS was 
performed immediately upon immersion, revealing the size distribution also of 
larger agglomerates formed upon agglomeration. 
 

 
Figure 19: PCCS (on sonicated and filtered samples) and LALLS (on non-filtered, non-
sonicated samples) on Ag NPs exposed to a solution of detergent (Det) and to a sequence of 
artificial sweat (AS) and Det, simulating exposure for Ag NPs incorporated in sportswear. 
Figure adapted from Paper III.81  
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5.3.1.3  Sample preparation is essential 
The size distribution results depend also on the sample preparation, which is 
discussed in detail in Papers I-III. In Paper I, filtration and sonication of the 
samples prior to the PCCS measurements were critical to obtain reproducible 
results. TEM images of the Ag NP prior to surfactant exposure, sonication and 
filtration revealed the existence of both small Ag NPs and larger particles and 
agglomerates. These particles all contained silver, as identified with EDS, see 
Figure 20. However, PCCS measurements of the same samples did not reveal both 
populations since the smaller ones were masked by the large fraction of large 
features. It was hence decided to filter the samples to be able to discern the 
agglomeration behavior of the small particles. 
 
 

 
 
Figure 20: TEM images showed both small and large Ag NPs and agglomerates, whereas 
PCCS failed to discern both of the features prior to sonication and filtration of the samples. 
Figure adapted from Paper I.82 

5.3.1.4 Agglomeration and sedimentation occur simultaneously 
When the density of the dispersed particles exceeds the density of the solution, 
which in general is the case when working with metal NPs, sedimentation of the 
NPs will eventually occur. Due to gravitational forces, sedimentation will be faster 
for the heaviest agglomerates. This complicates the interpretation of DLS data, 
since increased particle sizes and scattered light intensity from agglomeration and 
the reduced size of the remaining particles and hence the reduced scattered light 
intensity from sedimentation occurs simultaneously. Agglomeration of the 
particles might thus at first increase the particle size, but as the agglomerates 
become large enough to sediment, they eventually leave only smaller particles in 
the solution. This phenomenon was illustrated in Paper II, and is summarized in 
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Figure 21. The figure shows the intensity of scattered light and the size 
distribution as measured by PCCS, TEM and UV-vis for 10 nm Ag NPs with 
different coating. Generated results from the techniques reveal different 
agglomeration behavior of the particles, as a result of the different coatings, as 
further discussed in the next paragraph. The citrate coated Ag NPs agglomerate 
and sediment faster than the PVP coated Ag NPs. The figure clearly shows the 
importance of performing size measurements at several different time points to 
follow the kinetics. Furthermore it reveals the importance of considering the 
intensity of the scattered light in addition to the size distribution. An initial 
interpretation of the size distribution graphs in Figure 21 is that the size becomes 
larger due to agglomeration. This is true, but what is not revealed without any 
studies of the scattered light intensities is that a significant amount of the NPs 
sediment, as seen by the fact that the intensity is reduced between 4h and 24h, 
despite the obvious formation of larger agglomerates. 
 

 
 

Figure 21: Coating effect on size distribution and agglomeration of 10 nm Ag NPs, 
presented with three different, complementary techniques. Figure adapted from Paper II.83 
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5.3.1.5 The particle size distribution depends on their charge and 
coating 

The stability of the NPs and thereby their changes in size distribution with time in 
solution depends on the presence and characteristics of a surface coating, as 
clearly seen in Figure 21. These graphs show that in BEGM cell media, the citrate 
coated Ag NPs were considerably less stable compared with PVP coated Ag NPs 
(Paper II). This is likely a result of different stabilization mechanisms between the 
two coatings, where citrate is electrostatically bound to the Ag NPs and provides 
electrostatic stabilization, while PVP is a polymer, providing steric stabilization. 
The high ionic content of the cell media screens the electrostabilizing effect of the 
citrate, thus reducing the stabilizing effect. 

5.3.1.6 The particle size distribution is influenced by solution properties 
The sizes measured with PCCS in Paper II differ considerably from the primary 
sizes provided by the manufacturer, which were confirmed by means of TEM. This 
is interpreted as, depending on the solution properties, different extent of 
agglomeration will occur and the size distribution of the NPs will change due to 
agglomeration, due to the ionic content, and presence of stabilizing molecules 
among other factors. The ionic content of the solution is crucial for the particle 
stability and hence the predominating factor that governs the size distribution in 
solution. In Paper III it was shown that the Ag NPs agglomerated immediately in 
artificial sweat, as a result of its high ionic strength. Size distributions generated 
from LALLS, as previously seen in Figure 19, show the rapid agglomeration of Ag 
NPs in artificial sweat. In addition, since the agglomeration and resulting 
sedimentation were very rapid, the intensity of scattered light in PCCS became too 
low to generate any size distribution at all for those samples.  
 
The presence of surfactants also affects the stability of the NPs in solution. Low 
concentrations of a charged surfactant decrease the stability of oppositely charged 
NPs, whereas high surfactant concentrations stabilize the NPs (Paper I).  Much of 
the research included in this doctoral thesis aims at answering the question on 
which mechanisms are behind the stabilization induced by the surfactants, which 
is discussed in section 5.4.  
 
The zeta potential (ZP) of the NPs is crucial for their stability. As was shown in 
Figure 19, the size increased with increased ionic strength of the solution. This can 
be explained by that ions in solution screen the double-layer surrounding the 
particles, with a more short-range electrostatic double-layer force as a result. This 
lowers the ZP and the stability against agglomeration. 

5.3.2 Surface charge 
In addition to the size and size distribution, the charge of the NPs has been 
identified to be of high importance for their toxicity.23 ZP measurements of the 
NPs are often used to this end, but there are several known drawbacks with such 
measurements and its data interpretation.84 The following paragraphs discuss 
which factors that can affect the surface charge of NPs and summarize some of the 
conclusions that emerged from this thesis related to proper measurement, 
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interpretation and presentation of ZP data, aspects that are further elaborated on 
in Paper VI. 

5.3.2.1 Show intensity distributions to verify data quality 
To be sure that the ZP measurements are reliable, it is important to carefully 
evaluate the raw data. To do this, the intensity distribution of the potential should 
be considered as a complement to the mean value of the ZP. The appearance of 
the intensity distribution curve can vary significantly depending on the solution 
composition and sample preparation (Paper VI). Often only the mean value of the 
ZP is presented without any information about the distribution of the potentials. 
This does not provide enough information about the quality of the data. A narrow 
intensity distribution that does not differ too much between the measurements 
and has little noise is an indication of good and consistent data, whereas a 
measurement is less reliable when there is a broad distribution and a large 
deviation between the appearances of the curves between repeated 
measurements.  

Figure 22, shows ZPs of Ag NPs in 10 mM and 150 mM NaCl, respectively. The 
poor data quality of the 150 mM NaCl samples is due to the high ionic strength. 
The intensity curves can also be used to verify that the particle loading is 
acceptable. If the loading would be too high, the curve would, due to multiple 
scattering, be of poor quality, with a high noise level and a wide distribution. If the 
loading is too low, the signal will be also covered by noise. Our suggestion is to 
provide the intensity distribution curves in an attempt to be more transparent in 
data presentation. The intensity distribution curve shows the quality of the data 
and thus the reliability of the measurements. 

 

Figure 22: ZP intensity distributions for three separate measurements of 10 μg m L-1  10 
nm citrate coated Ag NPs in (a) 10 mM NaCl and (b) 150 mM NaCl, with intensity (kcps) 
on the y-axis and ZP (mV) on the bottom x-axes and electrophoretic mobility (µmcm V-1 s-1) 
on the top x-axes. Figure adapted from Paper V. 

5.3.2.2 Present electrophoretic mobility in addition to ZP 
A number of approximations are involved when calculating the ZP from the 
electrophoretic mobility. While the electrophoretic mobility inevitably itself is 
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influenced by the properties of the metallic NPs, one easy way to eliminate at least 
incorrect assumptions is to present the electrophoretic mobility instead of the ZP. 
By doing so the data analysis is more transparent, and the readers may perform 
their own transformations from electrophoretic mobility to ZP. However, as the 
ZP is far more popular amongst scientists working within the area of toxicology, 
this concept is more familiar, making it easier to compare data and interpret 
results presented as ZP than the electrophoretic mobility. Our suggestion is thus 
to present both entities when investigating the surface charge of NPs. 

5.3.2.3 The small sizes of NPs complicate accurate determinations of 
ZPs 

The most common approximation for converting the electrophoretic mobility to 
ZP is the Smoluchowski approximation.32 This classical approach assumes that 
the particles are spherical, non-conducting and non-porous. The assumption that 
the particles measured are non-conducting is rarely true for metal NPs. The 
approximation also assumes that the electrical double-layer thickness is much 
smaller than the particles themselves. This is not necessarily the case for NPs, and 
hence the criteria for using the Smoluchowski equation are consequently not 
fulfilled. An alternative to the Smoluchowski approximation is the Hückel 
approximation where the double-layer is instead seen as much larger than the 
particle radius.85 Figure 23 illustrates the two different ways of looking at the 
particles and the surrounding double-layers.  

 
Figure 23: Illustration of a particle and its surrounding electrical double -layers as seen by 
the Smoluchowski approximation (a) and the Hückel approximation (b). 

The Hückel approximation is however not always valid, for example at high 
absolute ZPs (approximately >25 mV).85 Nevertheless, at a closer look on the 
equations the results obtained with these two methods will differ with maximum a 
factor 1.5. This means that the final estimated absolute ZP will be 50 % higher if 
using the Hückel approximation compared with the first one, i.e. │30│ mV 
instead of the estimated │20│ mV.68 Most likely, for NPs, the truth lies 
somewhere between these two extreme cases. However, even though it is often 
stated that suspensions with ZPs larger than 30 mV are stable 86, other factors 
such as steric stabilization will also influence the stability (Paper I). Hence, 
absolute values can be argued to not be as important. Therefore, our suggestion is 
to rather look at the final absolute values of the ZP as guidelines, and to compare 
them between systems as an indication of whether the ZP increase or decrease 
when changing a certain parameter, instead of predicting if the suspension is 
stable or not depending on its absolute ZP value. Furthermore, the Hamaker 
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constant is high for metal NPs33, and consequently the Van der Waals force is 
strong between them, reducing their stability. 

5.3.2.4 The evaluation of ZP is hampered by a high ionic strength and 
complexity of the solutions  

Solutions that are relevant for biologic or environmental systems often contain 
high amount of ions (e.g. the ionic strength of BEGM cell media is 0.24M87) as 
well as organic species such as proteins or surfactants. Several challenges arise 
when measuring the ZP in such media. The high ionic content of the media causes 
a suppression of the electrical double-layer around the particle, which causes a 
lowering of the ZP.32 This is seen in Figure 22 as a shift in ZP from approximately 
-35 mV in the low ionic strength solution (10 mM NaCl) to -27 mV in the solution 
of higher ionic strength (150 mM NaCl). In 10 mM NaCl, the ZP of the Ag NPs is 
rather similar between the three consecutive measurements, and the width of the 
distribution is narrow, compared with in 150 mM NaCl. Since the NPs 
agglomerate more as the ionic strength increases due to suppressed electrostatic 
repulsion, the polydispersity is likely to increase with increasing ionic strength in 
the sample. From this follows that the reliability of the ZP measurements 
decrease, as highly polydisperse samples give a high uncertainty.88 One possible 
explanation for the broadening of peaks is that the intensity of the scattered light 
increases non-linearly (106) with size 89, which may disturb the results in a 
polydisperse suspension. Another problem with high ionic strength is the heating 
that is generated during the ZP measurement, due to the high conductivity and 
heat convection, factors that can mask the electrophoretic mobility.  

5.3.3 Solution properties  
The ionic strength affects the particle stability and charge, as discussed in detail 
above. From the results presented in Paper III it can be concluded that also the 
metal release is influenced by the ionic strength in the solution. One reason 
follows from an increased extent of agglomeration upon increased ionic strength, 
which slows down the dissolution kinetics by limiting the oxygen transport.90, 91 
The content of proteins in solution has also been shown to influence the metal 
release.92-94 According to results obtained within the framework of this doctoral 
thesis (unpublished data) proteins clearly also affect the NP stability which is in 
line with literature findings.95, 96 Figure 24 shows the size distribution and 
scattered light intensities of 10 nm citrate coated Ag NPs in cell medium without 
added serum and with added serum respectively, at three time points: 0h, 2h and 
24h. In cell media without serum the NPs form large agglomerates immediately 
after dispersion (0h). After 2h the smallest agglomerates have agglomerated even 
further. This was confirmed by the increase in intensity of the scattered light 
during the first 2 h. After 24h the intensity was almost zero, indicating 
sedimentation. In cell medium with serum the NPs remained considerably more 
stable, showing a large distribution around 10 nm, with a with time slightly 
increasing fraction of agglomerates around 100 nm. This slight agglomeration was 
confirmed by an increase in the scattered light with time. The agglomeration was 
however not extended enough to make the particles sediment considerably during 
the time studied. To summarize, the NPs remain more stable in cell medium with 
serum than without. 
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Figure 24: PCCS density distribution of Ag NPs in cell media without (a) and with (b) 
added serum, showing scattered light intensities in insets. (Unpublished data)  

5.3.4 Exposure conditions 
As discussed in the previous section regarding which doses that are relevant to 
study, the outcome of both the toxicity studies and the physicochemical 
characterization can depend on the concentration used. Sometimes the 
instrumentation requires usage of concentrations that differ from the realistic 
case in order to enable instrumental-optimized measurements. One question 
arising is if the outcome from such studies where the concentrations differ can be 
compared or not. Chemistry and stability of the particles and their corona are 
highly dependent on their chemical surrounding, making it impossible to obtain 
relevant information from measurements conducted in non-relevant suspensions. 
Thus, the approach to adopt the system to the instrumentation could be 
misleading. If such alterations anyhow are necessary, it is of outmost importance 
to acknowledge these differences. 
 
In all studies performed within the framework of this thesis, both the ones 
targeting the nanotoxicological perspective, as discussed previously, and the ones 
focusing environmental fate of NPs, much effort has been put on the choice of 
reasonable concentrations. When investigating the effect of surfactants on the 
metal release, charge and stability of Ag NPs in solution (Paper I), the 
concentration of NPs was 1-3 mg L-1, which is similar to observed concentrations 
released from fabrics during washing.6 In Paper III, where the sequential 
exposure of Ag NPs to sweat, laundry surfactant solution and freshwater was 
studied, the concentration was 100 mg L-1. This is considerably higher than the 
concentration used in Paper I, but was required to obtain measurable results, 
since some of the loaded particles were lost during the sequence. In Paper V, the 
interaction between Ag NPs and surfactants was further studied by means of 
SANS and SAXS. In order to get a high enough signal in the SANS experiments, it 
was necessary to have a higher concentration of Ag NPs (300 mg L-1) than in the 
other papers. One set of measurements for particle concentrations of 
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approximately 10 mg L-1 was first performed, but as further argued in Paper V and 
in the experimental reporti, this concentration did not yield a signal strong 
enough to be analyzed with SANS. To meet the requirements of the instrument we 
therefore decided to increase the particle concentration. How comparable this 
makes these results to the characterization results of Paper I is therefore a 
remaining question that is stressed and acknowledged.  

5.3.5 Metal release 
The metal release from the NPs and factors that are influencing this process are 
essential to determine, since metal release has been shown to play an important 
role for the toxicity of metal NPs.21, 23, 26, 97  

5.3.5.1 Digestion of silver-containing samples is required to obtain 
reproducible results. 

Pretreatment of the samples to be analyzed using digestion was required to ensure 
analysis of the total amount of silver and proven essential to improve the recovery 
of the AAS analysis. This was done by addition of HNO3 and H2O2 followed by 
high temperature UV-treatment (experimental details are given in the appended 
papers) and was needed in order to break up any strong silver complexes formed. 
In the case when chlorides are present in the solution, the addition of HCl during 
digestion improved the recovery by avoiding precipitation of insoluble AgCl(s).   

5.3.5.2 Smaller particles release more ions 
In Paper II, where the size dependent cytotoxicity of Ag NPs was studied, the 
release of silver into cell medium was shown to be significantly higher from both 
the PVP and citrate coated 10 nm Ag NPs, compared with the larger sized Ag NPs, 
as illustrated in Figure 25. This is consistent with literature findings, by e.g. Wang 
et al who studied a similar system.98  

 
Figure 25: Released fraction Ag of added Ag NPs (wt%). The relative amount (wt%) of 
silver released from the smaller particles was significantly higher compared with the larger 
particles. Figure adapted from Paper II.83 

                                                           

 
i Self-assembly of surfactants in the presence of silver nanoparticles 
Sara Skoglund, Magnus Bergstrom, Isabelle Grillo, Inger Odnevall Wallinder  
Institut Laue-Langevin (ILL) Grenoble laboratory report (2014) DOI: 10.5291/ILL-DATA.9-12-339 
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5.3.5.3  Weakly bound silver complexes on the surface are readily 
released 

In Paper III, where a comparison was made between sequential and non-
sequential exposure of the Ag NPs to artificial sweat (AS), a surfactant solution 
(Det), and freshwater (FW), it was shown that the sequential exposure generated 
significantly less dissolved silver in the surfactant and FW solution, compared 
with the non-sequential exposure, as seen in the results in Figure 26. This can be 
explained by two factors, one being the rapid agglomeration of Ag NPs in AS, 
resulting in lower surface area exposed in the surfactant and the FW solutions. 
Secondly, it is likely that the initial release of silver is rapid due to the presence of 
weakly surface-bound silver complexes. As these compounds will have been 
released in the first step of the sequence, the silver release in the following steps is 
lower. The presence of weakly bound silver complexes was confirmed by Raman 
measurements, showing the existence of Ag2CO3 on the surface of dry Ag NPs that 
disappeared when exposed in aqueous solutions. In addition, XPS revealed the 
existence of both oxidized silver species and metallic silver. Since the investigation 
depth of XPS is up to 5 nm, the observation of metallic silver indicated that the 
surface film thickness should be less than this depth. This shows that the history 
of the NPs is influencing the metal release. 
 

               
Figure 26: Amount of released Ag (g cm-2) after sequential and non-sequential exposure 
to artificial sweat (AS), detergent (Det) and freshwater (FW). The Ag release is higher in 
Det and in FW after non-sequential exposure compared to sequential exposure. Figure 
adapted from Paper III.81 

5.3.5.4 The presence of chlorides in the solution governs release of silver 
As previously shown, the Ag NPs agglomerate immediately in AS. This provides a 
decreased surface area that limits the oxygen transport and potentially the release 
of silver. Yet, the Ag NPs release silver in AS at comparable levels as in Det and 
FW in the non-sequence exposure. This indicates that the release of silver in AS is 
governed by some of the components in the AS solution. Exposure of Ag NPs to 
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NaCl of the same concentration as in AS resulted in similar released silver 
concentrations, indicating NaCl to be the component governing silver release. One 
possible reason for this could be the formation of insoluble AgCl(s), which 
precipitates and thus drives the chemical equilibrium into an increased release of 
silver, in line with Le Chatelier’s principle.99 The increased release may also be 
explained by the interaction between the NP surface and chloride ions.25, 29, 100 

5.3.6 The chemical composition  
The chemical composition of the metal NPs strongly influences their 
physicochemical properties. In Paper IV a comparison between Cu and CuO NPs 
was made, showing that the differences in composition and surface chemistry 
resulted in different dissolution kinetics and stability in solution. The Cu NP 
agglomerated considerably during the first 2h, while the intensity of the scattered 
light decreased significantly. This was interpreted as sedimentation and 
dissolution, which was confirmed by metal release data, Figure 27. Approximately 
60% of the Cu NPs was dissolved during the first 2h. The copper release from the 
CuO NPs was slower initially and their particle size distribution remained stable 
during that time. The different dissolution kinetics was attributed to different 
dissolution mechanisms, resulting from their different composition. Cu NPs have 
an oxide layer consisting of CuO and Cu2O101, resulting in electrochemical and 
chemical induction of copper release. The release of copper from CuO NP results 
only from chemical dissolution, since CuO NPs have the same composition both in 
the core and at the surface. IC50 refers to the concentrations where 50% of the 
activity was inhibited.  
 

 
Figure 27: Copper released into RPMI from Cu and CuO NPs, expressed as percentage of 
added copper. Figure adapted from Paper IV.102 
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5.3.7 Concluding remarks 
Parameters that are important to characterize in order to understand the behavior 
of metal-containing NPs in solution include particle size distribution and 
agglomeration, metal release, zeta potential, surface characteristics and surface 
interactions. As described above, and summarized in Figure 28, all parameters 
are interconnected. In addition, the exposure conditions (e.g. time, concentration, 
sonication) and the solution properties (e.g. ionic strength, presence of 
surfactants and biomolecules) have a high impact on all characteristics. This 
elucidates the importance of characterizing the particles under relevant 
conditions, since their behavior closely depends on the given environment. 
Important aspects to consider when evaluating each of the parameters are 
summarized in the figure.   
 

 
 
Figure 28: Selected parameters that influence the behavior of NPs in solution, their 

bioaccessibility and their toxicity, and therefore are important to characterize properly.  
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5.4 How do laundry relevant surfactants affect the 
stability, charge and metal release in solution?  

 
As briefly discussed in the previous sections, the presence of surfactants has a 
strong impact on the stability, charge and metal release of the NPs. This is a 
highly relevant scenario, since Ag NPs incorporated in sportswear can interact 
with surfactants during washing. The interaction between the NPs and the 
surfactants is decisive for their continuous fate, bioaccessibility and toxicity, 
aspects investigated in Papers I, III and V. The following sections summarize 
some of the key findings.  

5.4.1 The influence of Berol and LAS on silver release is small 
Non-sequential exposures in Figure 26 indicate that the presence of Berol and 
LAS (Detergent) has no significant accelerating effect on the silver release when 
compared to the amount released in artificial sweat (AS) and freshwater (FW). 
Due to its negative charge, LAS alone slightly increased the magnitude of the 
negative ZP while the size distributions did not change. 

5.4.2 High concentrations of Berol cause Ag NP agglomeration 
When the concentration of the uncharged Berol is increased the magnitude of the 
ZP decreased and approached zero at concentrations well above the CMC (Figure 
29a). This correlated with the size distributions, which can be seen in Figure 29b 
showing that the size distribution increases with time. This is in line with 
formation of agglomerates due to the lack of repulsive charges. Furthermore, 
QCM measurements showed that the sensed mass corresponds to a thickness of 4 
nm, which would be approximately one monolayer. This alone would not explain 
the increase in size seen in Figure 29b, suggesting agglomeration of the NPs. The 
agglomeration is further indicated when looking at the scattered light intensity 
(inset in Figure 29b) where the highest concentration shows a clear decrease in 
intensity with time, despite the formation of large agglomerates. This is most 
likely due to sedimentation of the largest agglomerates.  
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Figure 29: (a) The magnitude of the zeta potential (ZP) decreased significantly above the 
CMC, which correlates with (b) the size distribution at 5 mM with formation of larger 
agglomerates with time, and scattered light intensity (inset). Figure adapted from  
Paper I.82 

5.4.2.1 Why does Berol neutralize the NP surface? 
One possible explanation for the charge neutralization of Ag NPs by Berol could 
be that the large bulky ethoxyl head group of Berol moves the slipping plane 
outwards when adsorbed onto the Ag NPs at high concentrations, measured as a 
lower ZP (Figure 30a). Another possibility is that the adsorption of Berol gives 
rise to a more non-polar environment close to the NP surface due to the high 
concentration of hydrocarbons from the surfactant tails, illustrated in Figure 30b. 
It is less favorable to have charges on the surface in an environment with low 
compared to high dielectric properties, and the surface is thus less prone to be 
charged. For lower concentrations, Berol adsorbs more irregularly, and therefore 
does not affect the ZP in the same way. 
 

 
 

Figure 30: The zeta potential (ZP) is decreased at high Berol concentrations due to either 
movement of the slipping plane (a) or increased non-polarity at the NP/slipping plane 
interface (b). Figure adapted from Paper I.82 
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5.4.3 The DTAC concentration determines the stability and 
charge of the NPs 

The ZP of the Ag NPs slowly increases towards zero with increasing concentration 
of the positively charged surfactant DTAC. When 1 mM DTAC is added the NPs 
become neutral, as seen in the inset in Figure 31b. This correlates with the size 
distribution, Figure 31a, where 1 mM DTAC shows much larger size distributions, 
indicating formation of large agglomerates. When the concentration is further 
increased up to 28 mM, the size distributions are again stable at around 10 nm 
and a charge reversal has occurred, which once again gives an electric stabilization 
to the particles. DLVO calculations of the interaction energy confirmed that the 
energy barrier was lowest in the case of 1mM DTAC. 
 

  
 
Figure 31: Size distribution of Ag NPs in solutions of 0.01, 1 and 28 mM DTAC (a) and 
calculated DLVO interaction energy (b) with ZP in inset. Figure adapted from Paper I.82 

5.4.3.1 What is the mechanism behind the enhanced stabilization? 
In Paper I we speculated that the charge reversal and stabilization of anionic  
Ag NPs in a solution with the cationic surfactant DTAC were due to the 
surfactants forming a bilayer on the Ag NPs, with the positive head groups 
oriented towards the negative NP surface and towards the solution, as illustrated 
in Figure 32a. This was also indicated by the QCM-D measurements. To confirm 
that mechanism, we investigated a similar system (anionic Ag NPs in a solution 
with the cationic surfactant CTAB) in Paper V, by combining SANS and SAXS 
measurements. SANS discerns the size and shape of the surfactant aggregates 
whereas SAXS distinguishes the Ag NPs. It was discovered that the surfactants, 
instead of forming a bilayer, most probably form tablet shaped micelles in the 
vicinity of the NP, and that those micelles form clusters that are stabilizing the Ag 
NPs, as illustrated in Figure 32b. This conclusion was drawn by fitting the SANS 
data to the sticky hard-sphere model taking cluster formation into account64, 103 
The model generated robust and reliable fits of the SANS data (see Figure 322c), 
showing the formation of larger features than single surfactants below the CMC 
and also indicating the micelle clusters at low q (<0.03 Å-1). This was supported by 
the SAXS results showing an increasing repulsion between the Ag NPs as the 
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surfactant concentration was increased, which is explained by the enhanced 
repulsive double-layer forces from the micelles in the vicinity of the NPs. 

 

Figure 32: Schematic representation of two possible mechanisms of the stabilization of Ag 
NPs by surfactants; (a) the bilayer type formation on the particles, and (b) the micelle 
formation in the vicinity of the particles. (c) shows the scattering intensity normalized to 
the SANS cross section as a function of the scattering vector q for mixtures of Ag NPs and 
CTAB of varying surfactant concentration. Symbols represent SANS data, and the solid 
lines represent the best fits. Figure adapted from Paper V. 

5.4.4 Concluding remarks 
The presence of surfactants may either enhance or decrease the NPs stability, 
depending on their charge and concentration. The results from these studies 
indicate that the stabilizing mechanism in the presence of a cationic surfactant is 
most likely not formation of a fully adsorbed bilayer, which is often assumed, but 
rather micelle clusters in the vicinity of the NPs. The extended DLVO theory can 
be used to estimate the NP stability, and thereby assist in high throughput 
estimation of NP stability in different solutions. Knowledge about the 
agglomeration behavior of NPs in different solutions is important since that 
affects their stability, mobility and transport through different chemical 
transients. This in turn determines the potential human and environmental 
exposure, which is crucial knowledge e.g. when designing studies of relevance for 
risk assessment. Furthermore the results show that the NP stability and metal 
release are affected by the history of the particles. To summarize, the materials 
bioaccessibility, i.e. the presence of NPs and of released metal in solution depends 
on both the particle characteristics, e.g. zeta potential, and the solution 
properties, important aspects to assess any potential toxicity. 
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5.5 Which properties are important for NP toxicity? 
 
Much of the focus in this thesis has been placed on how the different 
physicochemical properties of NPs correlate and how to measure them properly. 
The previous section elucidated the importance of particle stability in solution for 
their mobility and potential transport through different chemical transients. Since 
this determines the presence of NPs in a specific solution, it also determines any 
possible exposure. Since the risk is the result of the exposure and the intrinsic 
toxicity/hazard, accurate risk assessments need among other things also to 
consider relevant exposure ways, concentrations and time aspects. The toxicity 
was within the framework of this thesis studied by exposing cells to NPs in in 
vitro models. While being a good option to in vivo studies both when considering 
ethical aspects and the possibility to efficiently gain information via high-
throughput screening of many materials and toxicity assays, this approach also 
has its limitation, as  the complexity in whole organism exposure is lost. However, 
that might at the same time be one of the advantages with the approach, since it 
scales down the target and facilitates the insight in the effect of different material 
properties, exposure conditions and specific mechanisms of toxicity. From a risk 
assessment perspective, the ultimate aim is to be able to draw conclusions and 
generalize in order to make proper estimation of the hazard of a certain material 
by looking at its properties. To arrive at such conclusions and to, in an efficient 
way, predict the toxicity of a certain NP, it is important to know what properties 
that have the highest influence and by what toxic mechanisms that prevail for a 
specific NP. By the thorough characterization of the NPs used in the toxicity 
studies included in this thesis, the aim was to provide insight on these aspects. 
The following sections discuss some of the toxicity results obtained and how they 
are related to the particle characteristics.  

5.5.1 Ag NPs induce size dependent cytotoxicity in human lung 
cells 

By comparing the toxicity to a lung cell line (BEAS-2B) of Ag NPs of different sizes 
(10, 40 and 75 nm) and with different coatings (citrate, PVP and uncoated) with 
the cellular uptake, agglomeration and metal release (Paper II), it was concluded 
that the size of the NPs was the most important factor for their cytotoxicity. The 
cytotoxicity was tested using the Alamar blue assay and the LDH assay, and after 
24h only the 10 nm Ag NPs, independent on coating, showed cytotoxicity in both 
assays, as illustrated in Figure 33.  
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Figure 33: Mitochondrial activity (Alamar blue assay) and membrane integrity (LDH 

assay) for a panel of Ag NPs (50g mL-1) of different size and coating. The results indicate 
that the cell viability is reduced by the smallest Ag NPs. Figure adapted from Paper II.83 

5.5.2 Different mechanisms for cytotoxicity and genotoxicity of 
Ag NPs 

All Ag NPs showed similar DNA damage (mainly single strand breaks and 
oxidation of bases) after 24h, as measured with Comet assay and the γH2AX foci 
formation assay. None of them induced intracellular ROS, as seen in Figure 34. 
The size independency indicates that different mechanisms underlie the 
cytotoxicity and genotoxicity. 

 
 

Figure 34: ROS levels in BEAS-2B cells after 24h exposure to Ag NPs of different size and 
coatings compared with a positive control (tert-butyl hydroperoxide). Figure adapted from 
Paper II.83 

5.5.3 Differences in the toxicity profile of the Ag NPs could not be 
related with their agglomeration behavior 

The observed differences in agglomeration behavior for Ag NPs with different 
coatings in Figure 21 could not explain the differences in toxicity, and did not 
affect the quantity of particles that was taken up by the cells. After 24h, all of the 
tested types of Ag NPs were taken up by the cells via active mechanisms and 
localized mainly within the membrane-bound structures, illustrated in Figure 35. 
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Figure 35: Intracellular localization of Ag NPs (10 g mL-1) of different size and coatings 
in BEAS-2B cells after 24h exposure. Parts of this Figure was adapted from Paper II.83 

Similar silver release despite different agglomeration patterns, as shown in Figure 
21, could possibly be explained by the fact that agglomeration reduces the surface 
area if the outer part of the particles is considered. 

5.5.4 Trojan horse mechanism lies behind the cytotoxicity 
Independent of the coating, the 10 nm Ag NPs, induced cytotoxicity to the cells. 
This could be explained by the fact that once inside the cell they show a higher 
surface area than the larger NPs and can hence release more silver ions, known 
for their toxic effects as previously discussed. The release of silver in cell media 
was highest for the smallest Ag NPs, illustrated in Figure 25. When the cells were 
exposed to the same concentration of silver ions that were released, i.e the 
released fraction (Rf), they did not show any cytotoxicity, as seen in Figure 36. 
This indicates the role of NP in transporting ions into the cell, like a Trojan horse. 
 
 

 
 

Figure 36: Cell viability of BEAS-2B cells after exposure to Ag NPs compared to parallel 
exposures with the released fractions of silver (Ag Rf) as measured in BEGM for 24h that 
show no cytotoxicity. Figure adapted from Paper II.83 

Regarding the cytotoxicity of Cu and CuO NPs on HL60 cells, it was seen that the 
Cu NPs were more toxic than the CuO NPs, as seen in Figure 37. At the same time, 
as was shown in Figure 27, the release from the Cu NP was more rapid than from 
CuO NPs. However, the higher release alone could not explain the higher toxicity, 
since soluble copper (CuCl2), was less toxic than the Cu NPs, Figure 37. 
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Consequently, also in the case of the copper-containing NPs, the Trojan horse 
mechanism seems to play an important role. 

 

Figure 37: Cell death analysis of HL60 cells after 18 h exposure to Cu NPs, CuO NPs and 
dissolved copper (from soluble CuCl2) show that Cu NPs are the most toxic particles, 
followed by dissolved copper and finally the CuO NPs. Figure adapted from Paper IV.102 

5.5.5 Concluding remarks  
The particle characteristics that are based on results from the toxicological 
investigation are size and metal release, where the latter in some regards depends 
on the former due to an increasing surface area with decreasing particle size. The 
agglomeration behavior, which is influenced by the ZP, did here not influence the 
toxicity. However, since the agglomeration patterns affect the particle stability in 
solution, their transport and bioaccessibility as discussed throughout this thesis, it 
may still be of importance in real-life exposure scenarios to NPs and should 
therefore be evaluated.  
 
In addition, the solution properties (e.g. salinity, presence of biomolecules and 
surfactants) may alter the stability or interact with the particle surface. This may 
alter the extent of metal release, surface charge and agglomeration pattern, or 
mask the particle by the formation of a bio-corona and thus possibly facilitate 
cellular uptake. Therefore, all mentioned properties must be determined and 
presented in an accurate in parallel to the toxicity investigation.  
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6. Concluding remarks - how can the results in 
this thesis contribute to the risk assessment 
of NPs?  

 To perform risk assessments, it is crucial to identify the predominating 
physicochemical properties and experimental conditions that influence 
the toxicity of a certain NP. Such information is provided in this thesis via 
the evaluation of the effect of several physicochemical properties on 
toxicity addressed with in vitro models. Particle size and extent of metal 
release are factors that were found to be most important for the observed 
toxicity in this study.  

 Risk assessment requires data on the properties of NPs, in terms of e.g. 
size distribution, stability in solution, metal release, speciation and 
bioaccessibility, generated in studies performed at relevant exposure 
conditions. Data generated in this thesis can be used in that context.  

o The stability of the NPs is affected by the solution properties (e.g. 
salinity and presence of surfactants and biomolecules). This may 
influence their bioaccessibility and transport through different 
transients of varying composition and chemistry.  

o The stability and total dissolution of silver from NPs are reduced 
upon sequential exposure, indicating the importance of the 
history of the particles for their potential bioaccessibility, 
transport and toxicity. These aspects must be taken into account 
when estimating the bioaccessibility and exposure of NPs, since 
this is a more likely scenario in real life. 

 For possible generalization of the toxicological impact of similar NP, or 
their corresponding bulk material, data comparison can be done to 
identify the most important characteristics and determine the correlation 
of physicochemical properties with each other and with toxicology. 

 To facilitate proper testing, some of the important technical aspects to 
consider have been addressed in this thesis. The flowchart in Figure 38 is 
a representation on how a thorough characterization can be used in the 
risk assessment of NPs. It also contains some of the most important 
conclusions on what affects these properties. 
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Figure 38: Flowchart of how the outcome of this doctoral thesis can be used within the 
framework of risk assessment, and on which properties that are most relevant for such an 
approach.  
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7. Future work 
 

This thesis has investigated the interaction of metal NPs with biomolecules and 
surfactants and its effect on mobility, transformation and toxicity of the NPs. One 
of the main aims was to provide guidance in metal NP characterization. By using 
this information to properly characterize various kinds of NPs it will be possible 
create the collection of properties suggested in Figure 38 to use in potential future 
generalization of the toxicological impact of their corresponding bulk material or 
similar NPs. As discussed in the thesis, such a read-across and data comparison 
demands identification of the most important characteristics and determine the 
correlation of physicochemical properties with each other and with toxicology. 
That in turn demands proper characterization studies of many different NPs, 
which could emanate from the guidance provided in this thesis.  
 
Papers I, III and V focused on the interaction between Ag NPs and surfactants 
with relevance to the laundry cycle. They resulted in a suggestion of a novel 
mechanism for the stabilization of Ag NPs in presence of the oppositely charged 
surfactant CTAB. It would be very interesting to verify if the suggested mechanism 
is valid in general for the stabilization of charged NPs in solution of oppositely 
charged surfactants, or which conditions that are required for it to be. A 
reasonable first system for such investigation would be the positively charged 
surfactant DTAC together with the anionic Ag NPs, since that system was used in 
Paper I. Also the positively charged Ag NPs with negatively charged surfactant, 
e.g. LAS, also used in Papers I and III, could be investigated. Furthermore, it 
would be of high interest to investigate also other NPs with a documented 
stabilization mechanism, such as surfactant-capped gold NPs, to see if the 
mechanism suggested in Paper V could also be used to describe those systems.  
 
Paper II deals with toxicity of Ag NPs in lung cells and Paper IV with copper 
containing NPs in blood cells. In a real life exposure scenario the NPs would 
interact with proteins and surfactants present in the lung/blood etc. As seen in 
Papers I, III and V the interaction between NPs and surfactant influence the 
stability and charge of the NPs, and the metal release. It would be very interesting 
to use the knowledge gained in e.g. Paper V on the SANS- and SAXS-studies of Ag 
NPs and surfactants, to study complex systems consisting of e.g. lung-surfactants 
and Ag NPs, by means of SANS and SAXS. Also the interactions between proteins 
and NPs could be studies with these techniques to complement the knowledge 
already existing.  
  



 

 

56 

 

 

8. References 
 
1. EU Commission: Commission Recommendation of 18 October 2011 On The 

Definition of Nanomaterial (2011/696/EU). In Official Journal of the European 

Communities: Legis 2011. 

2. Nel, A.; Xia, T.; Madler, L.; Li, N., Toxic potential of materials at the nanolevel. 

Science 2006, 311, 622 - 627. 

3. Oberdörster, G.; Oberdörster, E.; Oberdörster, J., Nanotoxicology: An emerging 

discipline evolving from studies of ultrafine particles. Environmental Health 

Perspectives 2005, 113, 823-839. 

4. Borm, P. J.; Robbins, D.; Haubold, S.; Kuhlbusch, T.; Fissan, H.; Donaldson, K.; 

Schins, R.; Stone, V.; Kreyling, W.; Lademann, J.; Krutmann, J.; Warheit, D.; 

Oberdorster, E., The potential risks of nanomaterials: A review carried out for 

ECETOC. Particle and Fibre Toxicology 2006, 3, 1-35. 

5. Nowack, B.; Krug, H.; Height, M., 120 years of nanosilver history: Implications 

for policy makers. Environmental Science & Technology 2011, 45, 1177 - 1183. 

6. Benn, T. M.; Westerhoff, P., Nanoparticle silver released into water from 

commercially available sock fabrics. Environmental Science & Technology 2008, 

42, 4133-4139. 

7. Geranio, L.; Heuberger, M.; Nowack, B., The behavior of silver nanotextiles 

during washing. Environmental Science & Technology 2009, 43, 8113-8118. 

8. Weldon, B. A.; M. Faustman, E.; Oberdörster, G.; Workman, T.; Griffith, W. C.; 

Kneuer, C.; Yu, I. J., Occupational exposure limit for silver nanoparticles: 

Considerations on the derivation of a general health-based value. Nanotoxicology 

2016, 10, 945-956. 

9. Bäuerlein, P. S.; Emke, E.; Tromp, P.; Hofman, J. A. M. H.; Carboni, A.; 

Schooneman, F.; de Voogt, P.; van Wezel, A. P., Is there evidence for man-made 

nanoparticles in the Dutch environment? Science of The Total Environment 2017, 

576, 273-283. 

10. Luechinger, N. A.; Athanassiou, E. K.; Stark, W. J., Graphene-stabilized copper 

nanoparticles as an air-stable substitute for silver and gold in low-cost ink-jet 

printable electronics. Nanotechnology 2008, 19, 445201-445207. 

11. US Department of health and human services: Toxicological profile for copper. 

2004. 

12. Schrurs, F.; Lison, D., Focusing the research efforts. Nature Nanotechnology 

2012, 7, 546 - 548. 

13. Fabrega, J.; Luoma, S. N.; Tyler, C. R.; Galloway, T. S.; Lead, J. R., Silver 

nanoparticles: Behaviour and effects in the aquatic environment. Environment 

International 2011, 37, 517-31. 

14. Blaser, S. A.; Scheringer, M.; MacLeod, M.; Hungerbuehler, K., Estimation of 

cumulative aquatic exposure and risk due to silver: Contribution of nano-

functionalized plastics and textiles. Science of the Total Environment 2008, 390, 

396-409. 

15. Drake, P. L.; Hazelwood, K. J., Exposure-related health effects of silver and 

silver compounds: A review. Annals of Occupational Hygiene 2005, 49, 575-585. 



 

 

57 

 

 

16. Hogstrand, C.; Wood, C. M., Toward a better understanding of the 

bioavailability, physiology and toxicity of silver in fish: Implications for water 

quality criteria. Environmental Toxicology and Chemistry 1998, 17, 547-561. 

17. Asghari, S.; Johari, S. A.; Lee, J. H.; Kim, Y. S.; Jeon, Y. B.; Choi, H. J.; Moon, 

M. C.; Yu, I. J., Toxicity of various silver nanoparticles compared to silver ions 

in Daphnia magna. Journal of Nanobiotechnology 2012, 10, 1-11. 

18. Gao, J.; Youn, S.; Hovsepyan, A.; Llaneza, V. L.; Wang, Y.; Bitton, G.; 

Bonzongo, J. C. J., Dispersion and toxicity of selected manufactured 

nanomaterials in natural river water samples: Effects of water chemical 

composition. Environmental Science & Technology 2009, 43, 3322-3328. 

19. Hedberg, J.; Lundin, M.; Lowe, T.; Blomberg, E.; Wold, S.; Odnevall Wallinder, 

I., Interactions between surfactants and silver nanoparticles of varying charge. 

Journal of Colloid and Interface Science 2012, 369, 193-201. 

20. Torres, A.; Ruales, C.; Pulgarin, C.; Aimable, A.; Bowen, P.; Sarria, V.; Kiwi, J., 

Innovative high-surface-area CuO pretreated cotton effective in bacterial 

inactivation under visible light. ACS Applied Materials & Interfaces 2010, 2, 

2547-2552. 

21. Karlsson, H. L.; Cronholm, P.; Gustafsson, J.; Moller, L., Copper oxide 

nanoparticles are highly toxic: A comparison between metal oxide nanoparticles 

and carbon nanotubes. Chemical Research in Toxicology 2008, 21, 1726-1732. 

22. Karlsson, H. L.; Gustafsson, J.; Cronholm, P.; Moller, L., Size-dependent toxicity 

of metal oxide particles-A comparison between nano- and micrometer size. 

Toxicology Letters 2009, 188, 112-118. 

23. Cho, W.-S.; Duffin, R.; Thielbeer, F.; Bradley, M.; Megson, I. L.; MacNee, W.; 

Poland, C. A.; Tran, C. L.; Donaldson, K., Zeta potential and solubility to toxic 

ions as mechanisms of lung inflammation caused by metal/metal oxide 

nanoparticles. Toxicological Sciences 2012, 126, 469-477. 

24. EC Regulation No 1907/2006 of the European Parliament and of the Council of 

18 December 2006, . In concerning the Registration, Evaluation, Authorisation 

and Restriction of Chemicals (REACH), establishing a European Chemicals 

Agency, amending Directive 1999; Vol. 45, pp 1-849. 

25. Levard, C.; Mitra, S.; Yang, T.; Jew, A. D.; Badireddy, A. R.; Lowry, G. V.; 

Brown, G. E., Effect of chloride on the dissolution rate of silver nanoparticles 

and toxicity to E. coli. Environmental Science & Technology 2013, 47, 5738-

5745. 

26.                                                                                    

nanoparticles increases during storage because of slow dissolution under release 

of silver ions. Chemistry of Materials 2010, 22, 4548-4554. 

27. Liu, J.; Sonshine, D. A.; Shervani, S.; Hurt, R. H., Controlled release of 

biologically active silver from nanosilver surfaces. ACS Nano 2010, 4, 6903-

6913. 

28. Damm, C.; Munstedt, H., Kinetic aspects of the silver ion release from 

antimicrobial polyamide/silver nanocomposites. Applied Physics A: Materials 

Science & Processing 2008, 91, 479-486. 

29. Kent, R. D.; Vikesland, P. J., Controlled evaluation of silver nanoparticle 

dissolution using atomic force microscopy. Environmental Science & Technology 

2011, 46, 6977–6984. 



 

 

58 

 

 

30. Liu, J.; Hurt, R. H., Ion release kinetics and particle persistence in aqueous nano-

silver colloids. Environmental Science & Technology 2010, 44, 2169-75. 

31. Holmberg, K.; Jönsson, B.; Kronberg, B.; Lindman, B., Surfactants and 

Polymers in Aqueous Solution. John Wiley & Sons: New York, 1998. 

32. Evans, D. F.; Wennerström, H., The Colloidal Domain: Where physics, 

chemistry, biology and technology meet. 2:nd ed.; John Wiley & Sons: New 

York, 1999. 

33. Israelachvili, J. N., Intermolecular and Surface Forces. Academic press: 

Burlington, 2011. 

34. Lee, K. T.; Sathyagal, A. N.; McCormick, A. V., A closer look at an aggregation 

model of the Stober process. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 1998, 144, 115-125. 

35. Pinchuk, A. O., Size-dependent hamaker constant for silver nanoparticles. The 

Journal of Physical Chemistry C 2012, 116, 20099-20102. 

36. Stebounova, L. V.; Guio, E.; Grassian, V. H., Silver nanoparticles in simulated 

biological media: A study of aggregation, sedimentation, and dissolution. Journal 

of Nanoparticle Research 2011, 13, 233-244. 

37. Donaldson, K.; Stone, V.; Tran, C. L.; Kreyling, W.; Borm, P. J., 

Nanotoxicology. Occupational and Environmental Medicine 2004, 61, 727-728. 

38. Kim, S.; Ryu, D., Silver nanoparticle-induced oxidative stress, genotoxicity and 

apoptosis in cultured cells and animal tissues. Journal of Applied Toxicology 

2013, 33, 78-89. 

39. Hackenberg, S.; Scherzed, A.; Kessler, M.; Hummel, S.; Technau, A.; Froelich, 

K.; Ginzkey, C.; Koehler, C.; Hagen, R.; Kleinsasser, N., Silver nanoparticles: 

Evaluation of DNA damage, toxicity and functional impairment in human 

mesenchymal stem cells. Toxicology Letters 2011, 201, 27-33. 

40. Warheit, D. B.; Webb, T. R.; Colvin, V. L.; Reed, K. L.; Sayes, C. M., 

Pulmonary bioassay studies with nanoscale and fine-quartz particles in rats: 

Toxicity is not dependent upon particle size but on surface characteristics. 

Toxicological Sciences 2007, 95, 270-280. 

41. Samberg, M.; Loboa, E.; Oldenburg, S.; Monteiro-Riviere, N., Silver 

nanoparticles do not influence stem cell differentiation but cause minimal 

toxicity. Nanomedicine 2012, 7, 1197-1209. 

42. Auffan, M.; Rose, J.; Bottero, J.-Y.; Lowry, G. V.; Jolivet, J.-P.; Wiesner, M. R., 

Towards a definition of inorganic nanoparticles from an environmental, health 

and safety perspective. Nature Nanotechnology 2009, 4, 634-641. 

43. Studer, A. M.; Limbach, L. K.; Van Duc, L.; Krumeich, F.; Athanassiou, E. K.; 

Gerber, L. C.; Moch, H.; Stark, W. J., Nanoparticle cytotoxicity depends on 

intracellular solubility: Comparison of stabilized copper metal and degradable 

copper oxide nanoparticles. Toxicology Letters 2010, 197, 169-174. 

44. Beer, C.; Foldbjerg, R.; Hayashi, Y.; Sutherland, D.; Autrup, H., Toxicity of 

silver nanoparticles - nanoparticle or silver ion? Toxicology Letters 2012, 208, 

286-292. 

45. Cronholm, P.; Karlsson, H. L.; Hedberg, J.; Lowe, T. A.; Winnberg, L.; Elihn, 

K.; Odnevall Wallinder, I.; Moller, L., Intracellular uptake and toxicity of Ag and 

CuO nanoparticles: A comparison between nanoparticles and their corresponding 

metal ions. Small 2013, 9, 970-982. 



 

 

59 

 

 

46. Limbach, L. K.; Wick, P.; Manser, P.; Grass, R. N.; Bruinink, A.; Stark, W. J., 

Exposure of engineered nanoparticles to human lung epithelial cells: Influence of 

chemical composition and catalytic activity on oxidative stress. Environmental 

Science & Technology 2007, 41, 4158-4163. 

47. Sinani, D.; Adle, D. J.; Kim, H.; Lee, J., Distinct mechanisms for ctr1-mediated 

copper and cisplatin transport. Journal of Biological Chemistry 2007, 282, 

26775-26785. 

48. Lanone, S.; Rogerieux, F.; Geys, J.; Dupont, A.; Maillot-Marechal, E.; 

Boczkowski, J.; Lacroix, G.; Hoet, P., Comparative toxicity of 24 manufactured 

nanoparticles in human alveolar epithelial and macrophage cell lines. Particle 

and Fibre Toxicology 2009, 6, 1-12. 

49. Liu, W.; Wu, Y.; Wang, C.; Li, H.; Wang, T.; Liao, C.; Cui, L.; Zhou, Q.; Yan, 

B.; Jiang, G., Impact of silver nanoparticles on human cells: Effect of particle 

size. Nanotoxicology 2010, 4, 319-330. 

50. Kim, T.; Kim, M.; Park, H.; Shin, U.; Gong, M.; Kim, H., Size-dependent 

cellular toxicity of silver nanoparticles. Journal of Biomedical Materials 

Research Part A 2012, 100, 1033-1043. 

51. Turrens, J. F., Mitochondrial formation of reactive oxygen species. The Journal 

of Physiology 2003, 552, 335-344. 

52. Sies, H., Oxidative stress: Oxidants and antioxidants. Experimental Physiology 

1997, 82, 291-295. 

53. Nemmar, A.; Hoet, P. H. M.; Vanquickenborne, B.; Dinsdale, D.; Thomeer, M.; 

Hoylaerts, M. F.; Vanbilloen, H.; Mortelmans, L.; Nemery, B., Passage of 

inhaled particles into the blood circulation in humans. Circulation 2002, 105, 

411-414. 

54. Creighton, J. A.; Blatchford, C. G.; Albrecht, M. G., Plasma resonance 

enhancement of Raman scattering by pyridine adsorbed on silver or gold sol 

particles of size comparable to the excitation wavelength. Journal of the 

Chemical Society, Faraday Transactions 2: Molecular and Chemical Physics 

1979, 2, 790-798. 

55. Smulders, E.; Rybinski, W.; Sung, E.; Rähse, W.; Steber, J.; Nordskog, A., 

Laundry Detergents. Wiley Online Library: Weinheim, 2007. 

56. European Committee for Standardisation (CEN). In Reference test method for 

release of nickel from all post assemblies which are inserted into pierced parts of 

the human body and articles intended to come into direct and prolonged contact 

with the skin 2011. 

57. Witt, W.; Geers, H.; Aberle, L. In Measurement of particle size and stability of 

nanoparticles in opaque suspensions and emulsions with photon cross 

correlation spectroscopy (PCCS), Particulate Systems Analysis, Harrogate, UK 

2003. 

58. Wang, Y.; Ni, Y., Combination of UV-vis spectroscopy and chemometrics to 

understand protein-nanomaterial conjugate: A case study on human serum 

albumin and gold nanoparticles. Talanta 2014, 119, 320-330. 

59. Tomaszewska, E.; Soliwoda, K.; Kadziola, K.; Tkacz-Szczesna, B.; Celichowski, 

G.; Cichomski, M.; Szmaja, W.; Grobelny, J., Detection limits of DLS and UV-

Vis spectroscopy in characterization of polydisperse nanoparticles colloids. 

Journal of Nanomaterials 2013, 2013, 1-10. 



 

 

60 

 

 

60. Pedersen, J. S., Analysis of small-angle scattering data from colloids and 

polymer solutions: Modeling and least-squares fitting. Advanced Colloid & 

Interface Science 1997, 70, 171-210. 

61. Bevington, P. R.; Robinson, D. K., Data reduction and error analysis. McGraw–

Hill: New York, 2003. 

62. Hayter, J. B.; Penfold, J., An analytic structure factor for macroion solutions. 

Molecular Physics 1981, 42, 109-118. 

63. Hansen, J.-P.; Hayter, J. B., A rescaled MSA structure factor for dilute charged 

colloidal dispersions. Molecular Physics 1982, 46, 651-656. 

64. Baxter, R. J., Percus–Yevick equation for hard spheres with surface adhesion. 

The Journal of Chemical Physics 1968, 49, 2770-2774. 

65. Kotlarchyk, M.; Chen, S. H., Analysis  of  small  angle  neutron  scattering  

spectra  from polydisperse interacting colloids Journal of Chemical Physics 

1983, 79, 2461-2469. 

66. Hayter, J. B.; Penfold, J., Determination  of micelle structure  and  charge by  

neutron small-angle scattering. Colloid and Polymer Science 1983, 261, 1027-

1030. 

67. Harris, D. C., Quantitative Chemical Analysis. 7 ed.; W. H. Freeman and 

Company New York, 2007. 

68. Angelico, R.; Ceglie, A.; He, J.-Z.; Liu, Y.-R.; Palumbo, G.; Colombo, C., 

Particle size, charge and colloidal stability of humic acids coprecipitated with 

Ferrihydrite. Chemosphere 2014, 99, 239-247. 

69. Alvarez-Puebla, R. A.; Arceo, E.; Goulet, P. J. G.; Garrido, J. J.; Aroca, R. F., 

Role of nanoparticle surface charge in surface-enhanced Raman scattering. 

Journal of Physical Chemistry B 2005, 109, 3787-3792. 

70. Berg, J. M.; Romoser, A.; Banerjee, N.; Zebda, R.; Sayes, C. M., The 

relationship between pH and zeta potential of similar to 30 nm metal oxide 

nanoparticle suspensions relevant to in vitro toxicological evaluations. 

Nanotoxicology 2009, 3, 276-283. 

71. Sauerbrey, G., Verwendung von schwingquarzen zur wägung dünner schichten 

und zur mikrowägung. Zeitschrift für Physik 1959, 155, 206-222. 

72. Liu, S. X.; Kim, J.-T., Application of Kevin—Voigt model in quantifying whey 

protein adsorption on polyethersulfone using QCM-D. Journal of the Association 

for Laboratory Automation 2009, 14, 213-220. 

73. Rodahl, M.; Kasemo, B., A simple setup to simultaneously measure the resonant 

frequency and the absolute dissipation factor of a quartz crystal microbalance. 

Review of Scientific Instruments 1996, 67, 3238-3241. 

74. Tran, C.; Tantra, R.; Donaldson, K.; Stone, V.; Hankin, S.; Ross, B.; Aitken, R.; 

Jones, A., A hypothetical model for predicting the toxicity of high aspect ratio 

nanoparticles (HARN). Journal of Nanoparticle Research 2011, 13, 6683-6698. 

75. Kagan, V. E.; Konduru, N. V.; Feng, W.; Allen, B. L.; Conroy, J.; Volkov, Y.; 

Vlasova, I. I.; Belikova, N. A.; Yanamala, N.; Kapralov, A., Carbon nanotubes 

degraded by neutrophil myeloperoxidase induce less pulmonary inflammation. 

Nature Nanotechnology 2010, 5, 354-359. 

76. Stoehr, L. C.; Endes, C.; Radauer-Preiml, I.; Boyles, M. S.; Casals, E.; Balog, S.; 

Pesch, M.; Petri-Fink, A.; Rothen-Rutishauser, B.; Himly, M., Assessment of a 

panel of interleukin-8 reporter lung epithelial cell lines to monitor the pro-



 

 

61 

 

 

inflammatory response following zinc oxide nanoparticle exposure under 

different cell culture conditions. Particle and Fibre Toxicology 2015, 12. 

77. Hamilton, R. F.; Wu, N.; Porter, D.; Buford, M.; Wolfarth, M.; Holian, A., 

Particle length-dependent titanium dioxide nanomaterials toxicity and bioactivity. 

Particle and Fibre Toxicology 2009, 6. 

78. Khlebtsov, B. N.; Khlebtsov, N. G., On the measurement of gold nanoparticle 

sizes by the dynamic light scattering method. Colloid Journal 2011, 73, 118-127. 

79. Tuoriniemi, J.; Johnsson, A.-C. J. H.; Holmberg, J. P.; Gustafsson, S.; Gallego-

Urrea, J. A.; Olsson, E.; Pettersson, J. B. C.; Hassellov, M., Intermethod 

comparison of the particle size distributions of colloidal silica nanoparticles. 

Science and Technology of Advanced Materials 2014, 15, 1-10. 

80. Taurozzi, J. S.; Hackley, V. A.; Wiesner, M. R., A standardised approach for the 

dispersion of titanium dioxide nanoparticles in biological media. Nanotoxicology 

2013, 7, 389-401. 

81. Hedberg, J.; Skoglund, S.; Karlsson, M.-E.; Wold, S.; Odnevall Wallinder, I.; 

Hedberg, Y., Sequential studies of silver released from silver nanoparticles in 

aqueous media simulating sweat, laundry detergent solutions and surface water. 

Environmental Science & Technology 2014, 48, 7314-7322. 

82. Skoglund, S.; Lowe, T. A.; Hedberg, J.; Blomberg, E.; Odnevall Wallinder, I.; 

Wold, S.; Lundin, M., Effect of laundry surfactants on surface charge and 

colloidal stability of silver nanoparticles. Langmuir 2013, 29, 8882-8891. 

83. Gliga, A. R.; Skoglund, S.; Odnevall Wallinder, I.; Fadeel, B.; Karlsson, H. L., 

Size-dependent cytotoxicity of silver nanoparticles in human lung cells: The role 

of cellular uptake, agglomeration and Ag release. Particle and Fibre Toxicology 

2014, 11. 

84. Lowry, G. V.; Hill, R. J.; Harper, S.; Rawle, A. F.; Hendren, C. O.; Klaessig, F.; 

Nobbmann, U.; Sayre, P.; Rumble, J., Guidance to improve the scientific value of 

zeta-potential measurements in nanoEHS. Environmental Science: Nano 2016, 3, 

953-965. 

85. Hunter, R. J., Introduction to Modern Colloid Science. Oxford University Press: 

Oxford, 1993. 

86. Wongsagonsup, R.; Shobsngob, S.; Oonkhanond, B.; Varavinit, S., Zeta potential 

(zeta) and pasting properties of phosphorylated or crosslinked rice starches. 

Starch-Starke 2005, 57, 32-37. 

87. Ji, Z.; Jin, X.; George, S.; Xia, T.; Meng, H.; Wang, X.; Suarez, E.; Zhang, H.; 

Hoek, E. M. V.; Godwin, H.; Nel, A. E.; Zink, J. I., Dispersion and stability 

optimization of TiO(2) nanoparticles in cell culture media. Environmental 

Science & Technology 2010, 44, 7309-7314. 

88. Roebben, G., Interlaboratory comparison of size and surface charge 

measurements on nanoparticles prior to biological impact assessment. Journal of 

Nanoparticle Research 2011, 13, 2675-2687. 

89. Domingos, R. F.; Baalousha, M. A.; Ju-Nam, Y.; Reid, M. M.; Tufenkji, N.; 

Lead, J. R.; Leppard, G. G.; Wilkinson, K. J., Characterizing manufactured 

nanoparticles in the environment: Multimethod determination of particle sizes. 

Environmental Science & Technology 2009, 43, 7277-7284. 

90. Liu, J.; Wang, Z.; Liu, F.; Kane, A.; Hurt, R., Chemical transformations of 

nanosilver in biological environments. ACS Nano 2012, 6, 9887 - 9899. 



 

 

62 

 

 

91. Zhang, W.; Yao, Y.; Sullivan, N.; Chen, Y., Modeling the primary size effects of 

citrate-coated silver nanoparticles on their ion release kinetics. Environmental 

Science & Technology 2011, 45, 4422 - 4428. 

92. Lundin, M.; Hedberg, Y.; Jiang, T.; Herting, G.; Wang, X.; Thormann, E.; 

Blomberg, E.; Odnevall Wallinder, I., Adsorption and protein-induced metal 

release from chromium metal and stainless steel. Journal of Colloid and Interface 

Science 2012, 366, 155-164. 

93. Hedberg, Y.; Wang, X.; Hedberg, J.; Lundin, M.; Blomberg, E.; Odnevall 

Wallinder, I., Surface-protein interactions on different stainless steel grades: 

Effects of protein adsorption, surface changes and metal release. Journal of 

Materials Science: Materials in Medicine 2013, 24, 1015-1033. 

94. Karlsson, H. L.; Cronholm, P.; Hedberg, Y.; Tornberg, M.; De Battice, L.; 

Svedhem, S.; Wallirider, I. O., Cell membrane damage and protein interaction 

induced by copper containing nanoparticles-Importance of the metal release 

process. Toxicology 2013, 313, 59-69. 

95. Sharma, V. K.; Siskova, K. M.; Zboril, R.; Gardea-Torresdey, J. L., Organic-

coated silver nanoparticles in biological and environmental conditions: Fate, 

stability and toxicity. Advances in Colloid and Interface Science 2014, 204, 15-

34. 

96. Shemetov, A. A.; Nabiev, I.; Sukhanova, A., Molecular interaction of proteins 

and peptides with nanoparticles. ACS Nano 2012, 6, 4585-4602. 

97. Levard, C.; Hotze, E. M.; Lowry, G. V.; Brown, G. E., Jr., Environmental 

transformations of silver nanoparticles: Impact on stability and toxicity. 

Environmental Science & Technology 2012, 46, 6900-6914. 

98. Wang, X.; Ji, Z.; Chang, C. H.; Zhang, H.; Wang, M.; Liao, Y. P.; Lin, S.; Meng, 

H.; Li, R.; Sun, B., Use of coated silver nanoparticles to understand the 

relationship of particle dissolution and bioavailability to cell and lung 

toxicological potential. Small 2014, 10, 385-398. 

99. Jones, L.; Atkins, P., Chemistry, Molecules, Matter, and Change. 4 ed.; W. H. 

Freeman and Company New York, 2000. 

100. Henglein, A., Physicochemical properties of small metal particles in solution -  

Microelectrode reactions, chemisorption, composite metal particles, and the 

atom-to-metal transition. Journal of Physical Chemistry 1993, 97, 5457-5471. 

101. Midander, K.; Cronholm, P.; Karlsson, H. L.; Elihn, K.; Moller, L.; Leygraf, C.; 

Odnevall Wallinder, I., Surface characteristics, copper release, and toxicity of 

nano- and micrometer-sized copper and copper(II) oxide particles: A cross-

disciplinary study. Small 2009, 5, 389-399. 

102. Rodhe, Y.; Skoglund, S.; Odnevall Wallinder, I.; Potácová, Z.; Möller, L., 

Copper-based nanoparticles induce high toxicity in leukemic HL60 cells. 

Toxicology in Vitro 2015, 29, 1711-1719. 

103.               ka   V    a   a       A     a        Ba    ’  m                   

of cloud points of nonionic surfactant solutions. Physical Review A 1991, 43, 

1130-1133. 

 

 


