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abstract

Do metal particles (including particles of pure metals, alloys, metal oxides 
and compounds) pose a hazard or risk to human health? In the light of this 
question, this thesis summarizes results from research conducted on metal 
particles, and describes the elaboration and implementation of an in vitro 
test methodology to study metal release from particles through corrosion 
and dissolution processes in synthetic biological media relevant for human 
exposure through inhalation/ingestion and dermal contact. 

Bioaccessible metals are defined as the pool of released metals from par-
ticles that potentially could be made available for absorption by humans 
or other organisms. Studies of bioaccessible metals from different metal 
particles within this thesis have shown that the metal release process is 
influenced by material properties, particle specific properties, size distribu-
tion, surface area and morphology, as well as the chemistry of synthetic 
biological test media simulating various human exposure scenarios. The 
presence of metal particles in proximity to humans and the fact that metals 
can be released from particles to a varying extent is the hazard referred to 
in the title.

The bioavailable metal fraction of the released metals (the fraction avail-
able for uptake/absorption by humans through different exposure routes) is 
usually significantly smaller than the bioaccessible pool of released metals, 
and is largely related to the chemical form and state of oxidation of the 
released metals. Chemical speciation measurements of released chromium 
for instance revealed chromium to be complexed to its non-available form 
in simulated lung fluids. Such measurements provide an indirect measure 
of the potential risk for adverse health effects, when performed at relevant 
experimental conditions. 

A more direct way to assess risks is to conduct toxicological in-vitro 
testing of metal particles, for instance on lung cell cultures relevant for 
human inhalation. Induced toxicity of metal particles on lung cells includes 
both the effect of the particles themselves and of the released metal fraction 
(including bioaccessible and bioavailable metals), the latter shown to be 
less predominant. The toxic response was clearly influenced by various 
experimental conditions such as sonication treatment of particles and the 
presence of serum proteins.
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Thorough characterization of metal particles assessing parameters includ-
ing chemical surface composition, degree of agglomeration in solution, size 
distribution, surface area and morphology was performed and discussed in 
relation to generated results of bioaccessibility, bioavailability and induced 
toxicity. One important conclusion was that neither the surface composi-
tion nor the bulk composition can be used to assess the extent of metals 
released from chromium-based alloy particles. These findings emphasize 
that information on physical-chemical properties and surface characteris-
tics of particles is essential for an in-depth understanding of metal release 
processes and for further use and interpretation of bioaccessibility data to 
assess hazard and reduce any risks induced by human exposure to metal 
particles. The general research strategy is illustrated below.
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saMManfattning

Är metallpartiklar (partiklar av rena metaller, legeringar, metalloxider 
och föreningar) en hälsofara eller en hälsorisk? Med den frågan i åtanke 
summerar den här avhandlingen resultat från forskning på metallpartiklar, 
samt beskriver framtagandet av en testmetod för in vitro-studier av metall-
frigörelse från partiklar genom korrosion och upplösning i syntetiska bio-
logiska media som simulerar mänsklig exponering genom inandning, mat-
smältning och hudkontakt.

Bioåtkomlig metall är den mängd metall som frigörs från partiklar och 
som potentiellt skulle kunna vara tillgänglig för absorption av människor 
eller andra organismer. Den här avhandlingen omfattar studier av bio-
åtkomliga metaller från olika metallpartiklar. Dessa studier har visat att 
den process då metall frigörs påverkas av materialegenskaper, partikelspe-
cifika egenskaper, storleksfördelning, ytarea och morfologi, liksom av den 
kemiska sammansättningen hos de syntetiska biologiska media som simu-
lerar mänsklig exponering. Det faktum att att metallpartiklar förekommer 
i människors närhet och att metaller kan frigöras från partiklar i olika 
omfattning är den fara (hazard) som avhandlingens titel syftar på.

Den biotillgängliga andelen frigjord metall (den metallfraktion som på 
olika sätt skulle kunna vara tillgänglig för absorption av människor) är 
vanligen betydligt mindre än den bioåtkomliga mängden frigjord metall 
och påverkas till stor del av det kemiska tillståndet och oxidationstill-
ståndet hos de frigjorda metallerna. Till exempel visade det sig vid analys 
av kemisk speciering på frigjord krom i syntetisk lungvätska att kromjo-
nerna var komplexbundna och därmed inte längre biotillgängliga. Sådana 
analyser ger ett indirekt mått på den potentiella risken för negativ hälso-
påverkan när de genomförs under lämpliga exprimentella förutsättningar.

Ett mer direkt sätt att bedöma risk är att göra toxiokologiska in-vitro-
försök på metallpartiklar, till exempel tillsammans med odlade lungceller. 
Den toxicitet som metallpartiklarna orsakar lungcellerna är både en effekt 
av själva partiklarna och i mindre omfattning den frigjorda metallmäng-
den (bioåtkomlig såväl som biotillgänglig). Den toxiska responsen påverkas 
märkbart av experimentella förhållanden såsom sonikering av partiklarna 
och förekomsten av serumproteiner.
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En noggrann karakterisering av metalpartiklars egenskaper, så som 
kemisk ytsammansättning, grad av agglomeration i lösningen, storleksför-
delning, ytarea och morfologi, har utförts och diskuteras i avhandlingen 
i ett sammanhang där också framtagna resultat för bioåtkomlighet, bio-
tillgänglighet och inducerad toxicitet ingår. En viktig slutsats som drogs 
var att varken ytsammansättningen eller bulksammansättningen kan 
användas för att uppskatta mängden metall som frigörs från partiklar av 
krombaserade legeringar. Denna slutsats understryker vikten av kännedom 
om partiklars fysiska och kemiska egenskaper och ytkarakteristik för en 
djupare förståelse av processen då metall frigörs, vilket i sin tur krävs för att 
kunna tolka och använda data om bioåtkomlighet för att bedöma fara och 
reducera den risk som kan uppstå i samband med mänsklig exponering för 
partiklar. Forskningskonceptet finns illustrerat på föregående uppslag.
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Preface – My tHougHts on becoMing a 
researcHer

“Now” is never a good time to summarize five years of work as a PhD-
student. Not when there is so much that remains to be investigated, evalu-
ated, analyzed, characterized, described and explained. Perhaps this is the 
feeling you get when you finally become a researcher? 

While writing this thesis, there has been plenty of time to remember 
what life was like at the beginning of this PhD project and to reflect over 
my development during the last few years, professionally and scientifi-
cally as well as on a personal plane. And from where I am today (in front 
of my computer a late evening the day before handing in this thesis) the 
first studies that I performed within this PhD-project feels a bit immature 
and naïve in a straight-forward way, which actually is rather similar to the 
person I probably were at that time. Over the years I have gained much 
knowledge and my insight has deepened. At the same time my perspective 
has also grown broader, which in a way is reflected in the inter-disciplinary 
character of my research.

With knowledge comes an insight of complexity and I know of no 
researcher that is able to describe anything as “black or white”. Sometimes 
it feels as if I am climbing on the tip of an iceberg when I try to wrap my 
head around all the materials (not only metals) that we produce and put 
to widespread use in our society and their potential effect on the environ-
ment and human health. There is new legislation within the EU regarding 
this assessment of materials and the idea of producing data that scien-
tifically shows whether such adverse effects exist or not can probably be 
very frustrating for an industry that already knows its products very well 
from a functional perspective. However, by accepting the assignment, even 
though its extent may seem endless, the road will inevitably lead forward 
and with each step taken comes new knowledge about things that were 
impossible to predict at the starting point. Perhaps we will never reach the 
end of the road but the ambition and the willingness to keep going will 
always take the world forward.

The opportunity to do research that is needed and will be used directly 
is a privilege that I have enjoyed during the past years at the Division of 
(Surface and) Corrosion Science, KTH. Sharing it with my brilliant col-
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leagues within different fields and inspiring people from our industrial 
partners (out there in the real world) has been a true pleasure, as well as a 
great motivation to finally summarize the work that has been done so far. 
I now look forward to hanging on to this motivation and continue in the 
same direction, hoping I can make my contribution to a more sustainable 
society.

Klara Midander
Stenungsund, 2009-11-09
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Why Study Metal ParticleS?

1 
WHy study tHe corrosion of 
Metal Particles? 
 

Most people, except corrosion scientists, think about corrosion as ”rust”. 
However, it is actually only iron that forms red rust, that actually rusts. 
All other metals and materials corrode (the latin word “corrodere” means 
to “gnaw into” or “wear down”), it is only a matter of time. Corrosion/
oxidation is though not only a deterioration process but also a beneficial 
process where the surface oxides that naturally are formed actually protects 
the surface of the material. 

The traditional reason to study corrosion processes on metals has primar-
ily been to limit the degree of corrosion. Nowadays, most corrosion investi-
gations also involve advanced material design by optimizing material prop-
erties such as alloy composition, microstructure and surface finish to gain 
improved corrosion resistance, and by applying protective coatings and/
or surface treatments to reduce and hinder corrosion processes of metals 
and alloys for specific environmental conditions. However, the economy 
involved to use expensive, high alloyed materials in large constructions 
in societal applications can sometimes not be justified in relation to the 
price of using a cheaper material of lower corrosion resistance, and hence 
a shorter service life. Therefore the choice of material is often made based 
on the lowest price instead of the most beneficial material from a cor-
rosion perspective for a given application. Any metal surface exposed at 
ambient conditions oxidize and corrode to different extent and at different 
rates. Corrosion mechanisms and other processes that reflect how prevail-
ing environmental conditions influence corrosion processes of metals have 
been extensively investigated and reported in scientific literature. However, 
a more recent and relatively unexplored area within the field of corrosion 
science relates to how, and if, corroded and oxidized metals and alloys may 
influence, and affect the environment and human health. These aspects 
have recently gained increased public environmental concern within dis-
cussions and legislative actions towards a sustainable society. 

Since two decades, a large research effort has been undertaken at the 
former Division of Corrosion Science, now the Division of Surface and 
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Corrosion Science at the Royal Institute of Technology, KTH, to quan-
titatively assess and investigate corrosion-induced diffuse emissions of 
metals and their mechanisms, and through an interdisciplinary approach 
study their fate, interaction and effect on the environment and on human 
health. 

Engineering metals and alloys are widely used in the society and have 
brought great improvement to the quality of our daily life. Many alloys 
have existed for a very long time, and the benefit of their properties such 
as mechanical strength, hardness, ductility, and corrosion resistance are 
generally well known and documented. In general, human contact with 
metals and alloys do not pose any health problems, however direct contact 
with metal surfaces, for instance, nickel from coins or piercing jewelry, 
may at specific circumstances cause contact dermatitis. 

More than 30 000 alloys are estimated to exist on the global market in 
various applications. However, only few of these alloys (for instance nickel 
and nickel-containing alloys), and some of their pure metal constituents 
(for example zinc, copper and nickel) have been assessed from an envi-
ronmental and health risk perspective. It is thus evident that a large gap 
of knowledge exists for most metals and alloys in relation to any potential 
adverse effects on human health and on the environment induced by their 
use in different applications.

During recent years, an increased concern related to adverse effects 
induced by airborne particulate matter in the society has also been raised 
and addressed. The source and origin of such particles are both natural, 
originating from erosion processes and seismic activity in the earth crust, 
and anthropogenic, including particles generated from combustion, traffic 
and various occupational activities. Airborne particles can be transported 
over long distances by wind and are associated with a range of adverse 
health effects such cardiovascular and pulmonary diseases, and an increased 
risk of developing lung cancer (WHO 2003). Since these adverse effects 
seldom are correlated to particle composition or properties, the predomi-
nant particle components causing these effects are relatively unknown and 
there are still significant gaps of knowledge.

The rapidly evolving field of nanotechnology in recent years has raised 
an interest and concern related to possible adverse effects induced by man-
ufactured nanoparticles. Due to the increased production and use of these 
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particles in various products, consumer and occupational safety aspects 
need to be considered as well as adverse effects on public health and on 
ecosystems. The diffuse circulation of fine sized engineered particles is rela-
tively undefined and there are no measures of its extent available. Similarly, 
there is no clear description of the effects (and its mechanisms) of engi-
neered nanoparticles (often metal-based) in environments such as waste 
water treatment plants or on the refuse dump were they likely would end 
up if not secured in a commercial product in service.

Concentrations of airborne particulate matter have been assessed in 
many different environments including urban, industrial and rural sites. In 
many urban areas all over the world, particle concentrations are measured 
continuously at different areas. Concentrations of particulate matter with 
an aerodynamic diameter less than 10 µm and less than 2.5 µm, denoted 
PM10 and PM2.5 respectively, are particulate size fractions often analyzed. 
When the air quality guidelines were updated by the World Health 
Organization, WHO, in 2005, the PM10 interim target was set to 50 µg/
m3 as a mean value over 24 hours (WHO 2005). No relation to their com-
position was made.

Three main categories of airborne particles have been defined and corre-
lated to respiratory health and area of respiratory tract: inhalable particles 
(less than 100 µm) that can penetrate through the nose and mouth, thoraic 
particles (less than 11 µm) that are defined as a sub fraction of particles 
able to pass the larynx, and respirable particles (less than 5 µm) that are able 
to reach the alveolar region of the deep lung (ISO 7708 1995). Respirable 
particles have been shown to cause an inflammatory response (Seaton et 
al 1995, Ogden 1992). It is postulated that nano-sized particles also may 
induce adverse effects on the human health. However, the mechanisms of 
human interaction with very small particles (< 100 nm) through inhalation, 
ingestion or skin uptake are relatively unknown (Donaldson et Tran 2002, 
Oberdörster et al 2005, Seaton et al 1995). Carbon nanotubes recently 
attracted attention when they were shown to induce asbestos-like effects 
on mice when injected in the abdominal cavity (Poland et al 2008).

Examples of possible pathological pathways related to particle exposure, 
possibly leading to adverse health effects, are the generation of reactive 
oxygen species, oxidative stress, inflammation, DNA damage and cell 
death (Knaapen et al 2002, Nel et al 2006). Metal particles are of specific 
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interest since it is believed that reactive oxygen species can be formed via 
radicals on a particle surface, via surface bound chemicals, or via soluble 
transition metal components (Nel et al 2006, Donaldson et MacNee 2001, 
Merolla et Richards 2005, McNeilly et al 2004). Soluble transition metals, 
such as iron, promote the generation of the toxic hydroxyl radical (OH·) 
from H2O2 (Ghio et al 1999). If hydroxyl radicals are formed close to the 
DNA molecule, which is possible since the electron-rich structure of DNA 
attracts positively charged metal ions, they may react and oxidize DNA 
(Dellinger et al 2001, Knaapen et al 2002, Pryor 1988). Normally, reactive 
oxygen species are generated by inflammatory cells as a part of the immune 
defense against microorganisms, leading to a shift in the balance between 
oxidative pressure and antioxidant defense (Donaldson et MacNee 2001, 
Donaldson et Tran, 2002).

Several in vitro toxicological studies on cultured lung epithelial cells 
have shown different metals such as chromium, manganese, iron and 
vanadium, to be cytotoxic (Pascal et Tessier 2004, Riley 2005). The pre-
dominant particle component that triggers the inflammation is though 
not clear. It is however suggested that specific components need to be iden-
tified, and that mass may not be the most appropriate metric to use when 
assessing adverse health effects due to the exposure of particles (Ghio et 
Devlin 2001). Inflammation is often enhanced by coarser particles (PM10) 
compared to finer fractions, probably due to higher particle concentra-
tions of specific elements such as iron and copper (Brunekreef et Forsberg 
2005, Hetland et al 2005). However, toxicity of quartz particles has been 
shown to be independent of size (Warheit et al 2007) but rather related 
to the surface reactivity. No general trend in toxicity with particle size is 
reported for metal oxide particles. For instance TiO2 particles showed no 
size dependence, iron oxide particles of various size showed all low toxicity, 
while nano-sized copper(II)oxide particles were more toxic than microm-
eter-sized particles of the same material (Warheit et al 2006, Karlsson et al 
2009). The exposure of cultured human lung cells to subway particles, and 
particles collected at street level of high traffic intensity, revealed subway 
particles to be significantly more genotoxic and more likely to induce oxi-
dative stress. This was to a large extent attributed to the presence of iron 
within the particles (Karlsson et al 2005, 2008).
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Often, toxicological studies of particulate materials include very limited 
information and characterization of the material investigated. Typically, 
some imaging technique and/or laser diffraction may be used to assess 
particle size, degree of agglomeration and morphology, and sometimes the 
reactivity of particles is determined by measurements of their surface charge 
(Karlsson et al 2009, Murdock et al 2007). However, the chemical com-
position of the particle or its surface composition are seldom investigated 
even though surface properties are strongly correlated to many parameters 
likely to influence the toxic response and its underlying mechanisms. The 
importance of detailed material and surface characteristics has been rec-
ognized as essential factors to improve the current knowledge of particle 
toxicology (Borm 2002, Oberdörster et al 2005). This kind of approach 
requires interdisciplinary research combining competences in areas such 
as material science, surface science, chemistry and toxicological sciences, 
constellations still being very few in its number when assessing toxicity 
induced by particles. 

A thorough understanding and characterization of surface and material 
properties and characteristics is not only essential for an improved under-
standing of particle toxicology, but imperative to understand results of 
bioaccessibility and to create a material profile further used for grouping of 
materials with respect to health and environmental effects, and to enable 
read across from effects data of similar materials. This kind of approach is 
essential for manufacturers and importers of chemicals (including metals 
and alloys) to fulfill the demands of the recently implemented regulation 
on chemicals and their safe use of the European Community, REACH 
(Registration, Evaluation, Authorisation of Chemicals) in which they are 
obliged to register their products and demonstrate safe use through an 
assessment of potential effects on human health and environment. The 
responsibility given by REACH to the industry to manage any risks 
induced by the use of chemicals and to provide safe use of their products 
has revealed significant knowledge gaps for many substances, chemicals, 
metals and alloys. As a consequence, new data monitoring these aspects 
had to be assessed and a large number of research projects through industry 
consortia were initiated.

The Division of Corrosion Science at KTH already had a highly rec-
ognized reputation for the work performed on environmental aspects 
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induced by roof runoff studies from different engineering metals and alloys 
initiated during the beginning of the nineties, as well as for the elabora-
tion and already well-recognized competence in monitoring metal release 
from metals and alloys in relation to surface and material characteristics for 
certain environmental and health endpoints. This reputation resulted in a 
large number of industry related research projects which also have been 
performed within this thesis. Some of these research activities have been 
performed in close collaboration with international and national with 
industry partners and consortia and for some projects also in close collab-
oration with colleagues at the Finnish Institute of Occupational Health, 
FIOH, Finland.  

The title of this thesis raises the question if metal particles, in a broad 
context including particles of pure metals, alloys, metal oxides and com-
pounds, pose a hazard or risk to human health, figure 1.1. The hazard is 
related to the fact that metal particles exist in the proximity of humans in 
our daily life, and in environments where they may release metals through 
corrosion and dissolution processes. A conservative measure of the poten-
tial hazard induced by metal particles is to generate bioaccessibility data 
for metal particles at relevant conditions. Bioaccessible metals are the pool 
of released metals from particles that potentially can be made available 
for absorption by an organism. From this follows that only a very small 
fraction of released metals may be in a form available for uptake. Risk 
induced by metal particles relate to a specific human exposure scenario. 
Potential adverse health risks induced by released metals from particles 
are connected to their chemical form and state of oxidation. These aspects 
govern the bioavailability of released metals and their potential to readily 
be absorbed by humans through different exposure routes. Other direct 
measures of adverse health risks are toxicological studies with different 
assays to for instance perform in-vitro testing of metal particles on cultured 
lung cells, relevant for an inhalation scenario. This kind of testing involves 
both effects induced by the particles themselves and by the released metal 
fraction (bioaccessible metals).

The aim of this interdisciplinary thesis is to summarize selected results 
reflecting research conducted on metal particles, an area that was initiated 
and gradually evolved during my PhD-studies at the Division of Corrosion 
Science, KTH. The summary does not aim at giving a full literature review 



7

Why Study Metal ParticleS?

of the state of the art in the different areas but rather reflects important 
aspects. It was written with the ambition to make the research as accessible 
as possible for everyone, not only for people with a scientific background.

The summary first describes the outcome of the “initial approach” taken, 
starting with the elaboration of a test methodology and the elaboration 
of key parameters and experimental set-up conditions for accurate and 
reliable measurements of metal release from metal particles of various kinds 
(papers I-IV). The knowledge and experience gained were then further 

Figure 1.1. schematic illustration of research activities conducted within this 
doctoral thesis. Bioaccessibility studies, reflecting the hazard induced by metal 
particles, were performed for a variety of metal particles including alloys, pure 
metals, metal compounds and metal oxides. studies of toxicity in relation to bio-
accessibility/metal release were conducted for copper and copper oxide particles 
and bioavailability, in terms of chemical speciation was determined for chromium 
released from ferrochromium particles, and particles of 316l stainless steel and 
pure chromium. information on toxicity and bioavailability combined with bioac-
cessibility data enable an essential basis for the assessment of risks. a prerequisite 
for improved understanding of generated results of bioaccessibility, bioavailability 
and toxicity is a thorough surface characterization of the particles investigated.
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taken into an “interdisciplinary approach” in which studies of nano- and 
micrometer-sized particles from a toxicological, material and surface per-
spective were considered in collaboration with analytical toxicologists and 
aerosol scientists within the framework of the Stockholm Particle Group 
(papers V, VI). In parallel, extensive research activities were conducted in 
close collaboration with international industrial partners described in “an 
applied approach”, assessing bioaccessibility and bioavailability aspects of 
ferrochromium based alloys compared to stainless steel, pure metals and 
metal oxides in relation to surface characteristics from a human health 
perspective (papers VII, VIII). Data generated within these papers acts as 
important keystone data for the preparation of a risk assessment dossier 
for ferrochromium alloys performed in parallel by the Finnish Institute of 
Occupational Health.  
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2 
an initial aPProacH to assess 
Metal release froM Particles 
 

The story behind bioaccessibility testing of metal particles started with a 
common initiative taken by the stainless steel industry and the Division 
of Corrosion Science, KTH in 1999. Since the beginning of the nineties, 
research on the influence on human health and environment caused 
by corroding material systems had evolved to become one of the main 
research areas at the division. This experience, together with the backup 
and engagement from foresighted people representing metals and in par-
ticular stainless steel interests, resulted in a pilot study on metal release 
from stainless steel particles that included testing, elaboration and devel-
opment of a reliable experimental procedure for the assessment of metal 
release from particles in simulated biological media (paper I). The aim 
was, except to overcome some practical issues dealing with the particulate 
form of an alloy such as stainless steel, to generate data in vitro, that in 
some respect would be representative for a human inhalation exposure 
scenario. An overall aim was to demonstrate that an alloy, regardless of 
shape (massive sheet or particulate), is not only a simple mixture of its pure 
constituting elements, but a material with a completely different chemistry 
and properties, substantially different from the pure metals. This fact may 
be obvious to many people, but the special characteristics of alloys were 
for example not considered in the United Nations Globally Harmonized 
System of Classification and Labeling of Chemicals where the classification 
of alloys is based on the intrinsic properties of individual metal constitu-
ents (UN 2003). Within the recently adopted chemicals legislative action 
in EU, REACH (Registration, Evaluation, Authorisation and Restriction 
of Chemicals), alloys are described as “special preparations” in which the 
way constituent substances are bonded into the chemical matrix should be 
taken into account (EC Directive 67/548/EEC, Annex I).

The work at the Divison of Corrosion Science on a research strategy 
assessing metal particles from a metal release perspective proceeded and 
the experimental approach for metal release measurements from particles 
were applied and modified in order to enable testing of various types of 
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materials of particulate shape (papers II, III and IV). Particles of pure 
metals, metal compounds and metal products used as alloys and for pro-
duction of alloys, metal containing pigments and metal particles of dif-
ferent sizes ranging from hundreds of microns to nano dimensions were 
studied (papers II-VIII). The initial approach to assess metal release from 
particles is schematically presented in figure 2.1 and considerations during 
elaboration and refinement of the bioaccessibility test method as well as 
some key results are presented in the following.

Figure 2.1. a schematic illustration of the initial approach taken to assess metal 
release from metal particles. The loading of particles, the synthetic biological 
media used for simulation of a real exposure scenario and the method of separa-
tion of particle from the test media before analysis of the released metal, were 
parameters that all needed to be considered/tested to enable reproducible results 
required to quantify bioaccessibility data from metal particles.
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2.1 a bioaccessibility test sHould be easy to 
PerforM and Modify, generate reProducible 
results, and use conventional and cost-
effective analytical tecHniques. (PaPer i)

 A bioaccessibility test provides information about the release of metals 
from any kind of metallic or metal-containing material. The metal release 
process is dependent on several parameters of which material properties 
are predominant since they influence both chemical dissolution and/or 
electrochemical processes (corrosion) of the material. Via these release pro-
cesses, metal elements bound in a massive matrix, may be transformed and 
become “soluble” to various extents and in different chemical forms, hence 
becoming bioaccessible. Bioaccessible metals are the pool of released/dis-
solved metals from a given material that potentially may be available for 
uptake by an organism. Bioaccessibility data, generated at relevant condi-
tions, together with information on material and surface properties, are 
powerful tools which enable an in-depth understanding of the behavior 
and processes of metals and metal-containing materials such as alloys, in 
environmental and biological systems. Data on metal release from metals, 
alloys and metal-containing compounds serve as a cornerstone for risk 
assessment of materials. Since the variety of metals and alloys used within 
different applications in the society is large, endless and enormous amounts 
of experimental work would be required to generate data on all types of 
materials and alloys and their potential influence on the environment and 
human health throughout their service lives. It is unrealistic to assess all 
existing metal-, alloy- or metal-containing materials produced and used by 
human mankind. Therefore, the generation of generic data on bioaccessi-
bility of representative materials can serve as a scientific basis for grouping 
of materials and to enable read-across of material data. This would lead 
to limited testing of only a few materials, which are representative for the 
global market. Still, a large amount of data needs to be generated and 
therefore it is important to have a reliable, relatively simple and reproduc-
ible bioaccessibility test and to avoid very costly experiments and minimize 
the necessity of in vivo tests. 

The elaboration of such a methodology for metal release from par-
ticulate materials started to reach its final form in 2003. The need for a 
test with human health endpoints in mind was obvious as a direct con-
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sequence of the implementation of the new chemicals legislative action 
of REACH within the European commission coming around the corner. 
Taking a starting point in the OECD transformation/dissolution protocol 
for sparingly soluble metal particles (OECD 2001), the nickel directive 
EN1811 (EN1811 1998) and the work performed on cobolt-containing 
alloys (Stopford et al 2003), a test methodology for a simulated inhala-
tion scenario of stainless steel particles was developed, and the importance 
of some crucial experimental parameters was evaluated. Several consid-
erations regarding the practical treatment of particulate test materials of 
varying size and properties were made.

Bioaccessibility data can be obtained using a very straight-forward 
approach. It aims at being easy to perform and modify, provide results 
with good reproducibility and to be operator-independent. For example, 
the “KTH approach” is to avoid any kind of filtration procedures. The 
experimental procedure is reasonably time-effective and conventional ana-
lytical techniques can be applied. In principle, the material that under-
goes investigation is immersed in a medium with a composition simulat-
ing relevant conditions for the human exposure route. After immersion of 
the material in the test medium, the solid particulate material is carefully 
removed and concentrations of released/dissolved metals in the solution 
are analyzed. Depending on practical limitations, the experimental con-
ditions for immersion of the material can be adjusted to enable metal 
analysis. Such adjustments are necessary experimental degrees of freedom 
since metals and metal-containing materials show a broad spectrum in 
their tendency to release metals. The risk for contamination and the intro-
duction of experimental errors increase as the concentrations of released/
dissolved metals decrease to very low levels.

Ever since the initial approach to assess metal release from particles was 
taken at the Division of Corrosion Science, KTH, bioaccessibility studies 
of a vast variety of metallic and metal-containing particles have been per-
formed. Most studies have been, and are, performed in close collaboration 
with international metal associations and industry consortia (papers I-IV, 
VII, VIII). The concept of these relatively straight-forward experiments 
simulating human health endpoints based on sound, scientific consid-
erations, have proved to generate reliable and reproducible quantitative 
results on released amounts of metals in a time- and cost-efficient manner. 
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The bioaccessibility test is now a well-established starting point for risk 
assessment of metal-containing particulate materials of all kind. As will 
be discussed later, all bioaccessibility studies performed at KTH are con-
ducted with parallel surface and particle characterizations.

2.2 several exPosure ParaMeters are crucial 
for Measuring Metal release froM Particles. 
(PaPers i-iv)

It is rather obvious that metals of a particulate shape are essentially different 
from a massive metal sheet when it comes to handling and pre-treatment 
of the material in an experimental set-up. Metal particles can for example 
not be polished or cleaned in order to generate a fresh and equally exposed 
surface of the entire sample material, hence particles must be investigated 
“as received”. This is not necessary something negative since it actually 
reflects a material and material surface that could be realistic for a human 
exposure scenario. Abraded or polished surfaces also alter the barrier prop-
erties of surface oxides that are naturally present on metals and are usually 
improved as a result of surface ageing.  

It is crucial to simulate prevailing body conditions in a medium. Not 
all aspects of a real exposure of particles during for example inhalation and 
following residence in the lung can be mimicked in a realistic way. There 
are several model media available that imitate various biological fluids and/
or conditions. Within bioaccessibility studies, media simulating different 
lung conditions, blood, gastric fluid, tear fluid and sweat have been used 
and investigated within this thesis. Most often the test media simulate 
the pH and the ionic strength in a realistic way, however, some of them 
also show a complexity in composition, including organic compounds 
and proteins, thereby approaching more realistic, “in vivo”, conditions. It 
should be stressed though, that the different test media only resemble phys-
iological conditions to a limited extent, for example, citrate in Gamble’s 
solution replaces proteins and acetate is added to represent organic acids 
(Kuhn and Rae 1988, Moss 1979, Stopford et al 2003) as the complexity 
and function of real body fluids are difficult to simulate. However, in vitro 
results in such synthetic biological media can, in a simple way, provide 
information that could be relevant for a real situation. A short descrip-
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tion of the test media used for bioaccessibility studies within this thesis is 
compiled in table 2.1.

The amount of particles to be tested for a given media volume that could 
be relevant for a real human exposure is another crucial consideration with 
regards to bioaccessibility studies of metal particles. On one hand, the 
particle loading should be as realistic as possible, and on the other hand the 
amount of particles should be practical to handle and study. For an inhala-

Table 2.1. Summary of synthetic biological test media used for bioaccessibility 
studies of metal particles in this thesis.

Test media Notation pH Simulated 
environment

Description

Phosphate-
buffered 

saline

PBS 7.4 Blood A standard physiological solution that 
mimics the ionic strength of human 
blood serum. It is widely used in 
the research and medical health care 
community as a reference test solution 
for comparison of data under simulated 
physiological conditions.

Gamble’s 
solution

GMB 7.4 Lung Mimics interstitial fluid within the deep 
lung under normal health conditions 
(Stopford et al 2003). 

Artificial 
lysosomal 

fluid

ALF 4.5 Lung Simulates intracellular conditions in 
lung cells occurring in conjunction with 
phagocytosis, and represents relatively 
harsh conditions (Stopford et al 2003).

Artificial 
gastric fluid

GST 1.5 Stomach Mimics the very harsh digestion milieu 
of high acidity in the stomach (Hamel et 
al 1998, ASTM 2003). 

Artificial 
sweat

ASW 6.5 Skin Simulates the hypoosmolar fluid, 
including Na+ from blood, which is 
excreted from the body upon sweating 
(EN1811 1998).

Artificial 
tear fluid

ATF 8.0 Eye Imitates the pH and ionic strength of 
natural lacrimal fluid in human eyes 
(Alvarez-Lorenzo et al 2002).

Dulbecco’s 
modified 

Eagle’s 
medium

DMEM 7.4 Cell culture 
medium

Eagle’s medium modified with higher 
amounts of vitamins and amino acids. 
Ionic strength and pH similar to general 
conditions in the human body. Contains 
glucose as a nutrient.
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tion scenario where particles are translocated to the lung, the real exposure 
can vary in a broad range since there are sites in the lung, “hot spots” that 
exhibit a large amount of particles (Balásházy et al 2002, Martonen et al 
1992). The particle loading of 0.1 g/L (often prepared as 5 mg of particles 
per 50 mL volume of solution) was selected as a “default” loading for bio-
accessible studies in this thesis since it aims to simulate a relevant “worst 
case inhalation scenario”. Moreover this loading is practically feasible for 
many types of materials and it enables direct comparison with release data 
from other studies on bioaccessibility as well as results generated for the 
OECD Transformation/Dissolution Protocol (OECD 2001).

A range of particle loadings (lower ratio of particle mass to solution 
volume) has been studied within this thesis for different particles in order 
to assess how the release of metals is affected by shifted conditions for 
chemical equilibrium and steady state conditions of released amounts of 
metal in a given solution volume. The released rate of metals is gener-
ally lower for a higher particle loading, which is natural from a chemical 
equilibrium perspective, somehow reflected by the particle loading. This 
tendency was observed for release of iron, chromium and nickel from two 
different particle loadings of 316L stainless steel particles immersed during 
one week in artificial lysosomal fluid (ALF, pH 4.5), figure 2.2 (left) (paper 
I). Similar observations were made for pure nickel particles. The release 
of nickel in artificial sweat (pH 6.5) was investigated using five differ-
ent particle loadings ranging from 0.2 up to 10 g/L. The release pattern, 
related to the amount of particles loaded in samples immersed during 12 
hours is presented in figure 2.2 (right). The rates of measured nickel release 
are similar for the lowest particle loadings, 0.2 and 1 g/L respectively, with 
a high variation between replicate samples for the lowest particle loading 
(0.2 g/L). The highest particle loadings (2, 6, 10 g/L) show though the 
mutual tendency in release with lower rate for higher particle loadings as 
was also observed for stainless steel particles (paper III).

The particle loading is a very important parameter which is intimately 
related to the surface area per volume ratio, and crucial for the predic-
tion/comparison of metal release data from particles. Since the surface area 
increases dramatically with smaller particle dimensions, the use of small 
particles and large solution volumes drives the transformation/dissolution 
equilibrium towards higher total release of metals. Moreover, the risk for 
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agglomeration of particles, and hence a reduced, uncontrolled surface area 
of the particles, is enhanced with a high particle loading especially if inap-
propriate mixing/agitation is provided (paper III). This would lead to a 
reduced release of metals. 

The time periods for the exposure of the particles should be selected to 
be relevant for the exposure scenario being simulated. For example, the 
estimated time for the gastric phase of digestion is about 2 hours, and 
therefore this exposure time period is considered relevant for testing in 
artificial gastric fluid (Hamel et al 1998). The 24 hour exposure of particles 
in the simulated biological media is a “standard” time duration which often 
enables comparison with existing metal release/dissolution data as well as 
acute toxicity data. Prolonged time periods such as 168h (one week) or 

even longer, simulate long term (chronic) systemic effects in the body. 
Such long-term exposure periods are perhaps more relevant for particles of 
relatively stable or passive materials and for simulated lung environments. 
To obtain information of metal release kinetics, measurements at several 
time points, are required. Time resolved metal release data is important 
for an improved understanding of different release and surface processes 
taking place in a given medium.

Figure 2.2. Average metal release rates per unit surface area and time period 
[µg/cm2/week] for two particle loadings, 0.2 and 2 g/L respectively, of 316L stain-
less steel particles after one week (168 hours) of immersion in artificial lysosomal 
fluid, ALF (left). Average nickel release rates [µg/cm2/hour] measured from 5 
different particle loadings of pure nickel particles after 12 hours of immersion in 
artificial sweat, ASW (right). The error bars indicate standard deviation of tripli-
cate samples.
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Finally, the particles have to be removed from the test medium after 
the selected time periods of immersion in an efficient way. This could be 
made in different ways, for example via centrifugation and/or filtration 
of the particle/test medium suspension. Filtration has though shown to 
introduce experimental errors that are difficult to control. For example, 
released metals, already complexed to ligands in the test medium, may 
adsorb or be trapped by the filter membrane. The reproducibility of filtra-
tion is often operator-dependent and should therefore be avoided in a test 
procedure that is supposed to be easy and straight-forward to perform in 
any laboratory. Centrifugation of the particle solution has several advan-
tages in terms of reproducibility since the treatment of particles is the 
same for all samples, and the procedure is not dependent on the operator. 
After centrifugation the supernatant solution could generally be poured 
off into a storage vessel. The centrifugation treatment can relatively easily 
be tuned to fit any particle type and material to be tested and the force 
and time duration can be set higher for smaller sized particles. Tools are 
also available to verify that all particles are removed from solution before 
the total concentration of metals is analyzed. The centrifuging procedure 
may however influence the extent of metal release and the properties of 
the particles immersed into a given test medium. However, for relatively 
inert/passive/stable particles, this effect seems to have a minor impact on 
the metal release data generated. For particles with higher tendency of 
dissolution it is anticipated that this effect still is small since measured 
release of metals from this type of materials is reproducible and with small 
deviations between replicate samples. Even if this treatment would cause 
a slightly higher release, this can still be justified as a worst-case scenario 
which is better from a precautionary perspective than an underestimation 
of release data as would be the case if filtration was used as the particle 
separation technique.

2.3 tHe nature of tHe Material of Particles 
is decisive for tHe Metal release Process. 
(PaPers i-iv)

The metal release process and the mechanisms behind it, is closely related 
and strongly dependent on the characteristics of the particle material. 
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Bioaccessibility testing in this thesis has been applied to particles of pure 
metals, alloys, metal oxides and other metal compounds of a large variety 
in material properties. In the case of pure metals and alloys, the surface of 
the metal particle is covered by a surface oxide, which could be more or 
less protective and possess passive properties to the particle material. Most 
metals and metal alloys exposed to ambient environmental conditions 
spontaneously form surface oxides of varying thickness, composition and 
protective properties. As a result of environmental interaction (in particu-
lar in corrosive media and environments), the surface oxide may locally 
become degraded, and partly be dissolved, which reduces the corrosion 
resistance of the material (however not necessarily its capacity to hinder 
metal release processes). However, for most metals and alloys, the oxide 
is naturally re-formed through different electrochemical reactions taking 
place at the metal-oxide interface (a corrosion and oxidation process). This 
process involves transfer of charges and ions, which is completely differ-
ent from the chemical dissolution process of the oxide that takes place at 
the interface between the oxide and the environment. In total, the metal 
release process of pure metals and alloys include both a chemical dissolu-
tion of the surface oxide as well as an electrochemical process corroding/
oxidizing the bulk metal. The quantitative relation between dissolution 
and corrosion, in terms of the released amounts of metals, can not be pre-
dicted. However, studies of metal release with a sufficient time-resolution 
and long-term data may prove clues related to this relationship.

The degree of metal release from a pure metal is metal-specific and 
depends on different material properties such as nobility, microstructure 
and presence of impurities, but also on other factors such as properties 
of the surface oxide being thick or thin, being protective or not, and its 
ability to re-passivate and grow if damaged. Ageing of the material and 
prevailing conditions during production also governs the properties of the 
surface oxide. Similarly, material aspects rule the metal release process for 
alloys. However, in this case the material properties are determined by the 
alloy composition. Metal release rates from alloys are often significantly 
lower compared to corrosion rates, and strongly depend on material char-
acteristics such as passivity, composition, thickness and microstructure of 
surface oxides (Herting 2008). The release of metals from metal oxides 
is a combined chemical and electrochemical dissolution process and its 
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kinetic behavior is linked to the solubility of the oxide at specific condi-
tions, though seldom possible to predict from these properties only.

The importance of material properties are illustrated in figure 2.3 showing 
amounts of released metals from silver and silver(I)oxide particles, copper 
and copper(I)oxide particles (left), upon immersion in Gamble’s solution 
(GMB, pH 7.4) during 24 hours, and amounts of iron released from alloy 
particles of 316L stainless steel and ferrochromium compared to pure iron 
particles after one week (168 hours) of immersion in phosphate buffered 
saline (PBS, pH 7.4) (right).

Particles of pure silver and copper release very different amounts of 
metals despite several common properties of the two metals. An explana-
tion to the different release pattern can be discerned in release data gener-
ated from their respective oxide particles, releasing silver and copper in 
amounts of the same level as their pure metals. In the medium presented, 
the surface oxide of particles of silver has improved barrier properties to 
hinder/reduce silver to be released compared to the surface oxide of copper 
particles. In the case of the ferrochromium alloy and stainless steel par-
ticles, the surface oxide has passivating properties due to the presence of a 

Figure 2.3. Average released amounts of silver from Ag and Ag2o-particles, of 
copper from cu and cu2o particles per amount of particles loaded after immersion 
in Gamble’s solution, GMB pH 7.4, during 24 hours (left). The particle loading was 
0.1 g/L. Error bars indicate the standard deviation of triplicate samples (in the case 
of cu2O, the result is based on six parallel samples). Average released amounts 
of iron per amount of loaded particles of 316l stainless steel, ferrochromium and 
pure iron after immersion for one week(168 hours) in phosphate buffered saline, 
PBS, pH 7.4 (right). The particle loading was 0.1 g/L and the error bar for iron 
particles indicates the standard deviation of triplicate samples.
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chromium-rich oxide, which explains the extremely low released amounts 
of iron compared to the release of iron from pure iron particles, having a 
less protective iron-rich surface oxide.

2.4 Metal release froM Particles is influenced 
by tHe test Media coMPosition. (PaPers ii, iii)

Prevailing environmental conditions are decisive for the corrosion/oxida-
tion process of metals. This is a well known fact since ages of “rust” and 
corrosion, a phenomenon already described in the bible and by philoso-
phers of the Roman Empire. An understanding of mechanisms and pro-
cesses of corrosion of metals and alloys are essential when investigating 
bioaccessibility aspects of metal particles. The Pourbaix diagram is a fun-
damental model describing corrosion of pure metals as a function of pH 
and potential in the presence of water from which the state of the metal 
(active/passive) can be predicted. However, real environmental conditions 
are usually not that well-defined and both materials and surrounding envi-
ronments show a broad complexity that can not be described in such a 
straight-forward manner.

Bioaccessibility tests included in this thesis were performed in vitro at 
simulated human biological conditions. The acidity of human biological 
fluids range from being very acidic and harsh (for instance gastric fluid) 
to most materials, to near pH-neutral and weakly alkaline conditions 
(for example tear fluid). The ambient human environment contains ionic 
species, such as sodium, chloride and phosphate, in relatively high con-
centrations as well as organic species such as proteins and amino acids. 
Since it is very difficult to model all of these parameters in a synthetic 
test medium, the most important and practically feasible parameters and 
conditions of the environment to simulate are mimicked as realistically 
as possible. The difficulty to simulate the complexity and function of real 
body fluids emphasizes the necessity to perform metal release studies in 
test media of relevance for the real exposure scenario, simulated to some 
extent in vitro.

In one study, stainless steel particles, grade 316L, were exposed during 
168 hours in four different test media, and the released amounts of iron and 
chromium per amount of particles loaded were determined, figure 2.4. The 
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released amounts of both iron and chromium were extremely low. Only 
in acidic test media such as artificial gastric fluid, GST pH 1.5, and artifi-
cial lysosomal fluid, ALF pH 4.5, released concentrations were possible to 
measure. Previous experience of immersions in Gamble’s solution, GMB 
pH 7.4, has shown an inhibited metal release from stainless steel due to 
adsorption/precipitation of calcium phosphate from the medium on the 
surface of the metal sheet and/or particle surface. (papers I, III, Herting et 
al 2006) This is one likely reason for the low release of metals in this test 
medium. The results imply that specific interactions between the particle 
surface and the test media also play an important role in the metal release 
process. The release of chromium (from primarily the protective surface 
oxide on stainless steel) is generally very low, which implies that the passive 
oxide on the steel particles is efficiently protecting the bulk material and 
hindering release of metals into pH neutral media.

Even though pH is a dominating parameter which largely influence 
the metal release process, test media of similar pH but with increasing 
degree of complexity in their composition due to the presence of ionic and 
organic compounds, show large variation in release patterns for the same 
material. This is exemplified in figure 2.5 for micrometer-sized copper 
particles immersed during 4 hours in three pH-neutral media (pH 7.4): 
phosphate buffered saline, PBS, simply mimicking ionic strength of blood; 
in Gamble’s solution, GMB, with several ionic and organic components; 

Figure 2.4. Average amounts of Fe and Cr released per amount of 316L stainless 
steel particles loaded after one week (168 h) of immersion in various simulated 
biological media ranging from artificial gastric fluid, GST pH 1.5, artificial lyso-
somal fluid, ALF pH 4.5, to pH neutral media such as Gambles solution, GMB, 
and phosphate buffered saline, Pbs, pH 7.4 respectively. the error bars indicate 
standard deviation of triplicate samples.
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and in cell culture medium with serum proteins supplemented, DMEM+ 
(paper V). Similar amounts of copper were released into phosphate buffered 
saline and Gamble’s solution but lower amounts of copper were released 
in the cell medium with proteins present. This behavior can though be 
the inverse depending on material properties and size. For example, the 
released amount of copper from copper nanoparticles was enhanced in 
DMEM+ (paper V) when compared to PBS. Enhanced release of metals 
in PBS with addition of bovine serum has been observed for stainless 
steel sheets (unpublished data), whereas the release of copper from copper 
oxide particles does not show any significant difference in the presence of 
proteins. The influence of proteins on the metal release process and their 
surface interactions for different kinds of materials is something that will 
be studied in more detail in the future. 

Figure 2.5. example of how the released amount of copper from micrometer-
sized copper particles per amount of particles loaded (mass) varies in different test 
media of similar pH (neutral, pH 7.4) but with an increasing degree of complexity 
in the simple standard reference solution Pbs, the more complex gamble’s solution 
GMB, and the cell culture medium with protein-containing serum supplemented, 
dMeM+. results in Pbs and dMeM+ are mean values of triplicate samples of a 
particle loading of 80 mg/L, while the GMB result is based on duplicate samples of 
a slightly higher loading, 100 mg/L. The error bars indicate standard deviation.
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2.5 Metal release froM Particles is influenced 
by Particle size. (PaPer iii)

The interface for metal release from a material is its surface facing the 
ambient environment. Therefore it can intuitively be understood that the 
area of the surface in contact with a test medium (in the case of bioacces-
sibility testing) is directly related to the amount of metals released from 
a material. If the investigated material is a massive sheet, the surface area 
can be estimated from its geometry assuming the surface roughness and 
porosity to be of less significance, or if such surface features are controlled 
by surface polishing. For particles, the surface area depends on the size 
and potential extent of particle agglomeration and/or aggregation of the 
particles. Often the particles are of irregular shape and a given particulate 
sample contains a distribution of particle sizes. Therefore, the surface area 
of particles can not easily be estimated based on geometry. The best way to 
obtain a relatively realistic idea of the actual surface area and particle size 
for a given material is to combine several techniques for characterization. 
For example, the surface area of a particulate sample can be measured via 
the adsorption of nitrogen, the size distribution can be obtained by means 
of light scattering techniques, and the visual appearance and shape of par-
ticles can be studied by using scanning electron microscopy-imaging.

If the surface area of a particle sample is known or estimated, the 
amounts of released metal can be expressed per unit surface area. This 
enables the comparison of release data from different particle samples of 
varying particle size and surface area. Ideally, the amount of released metals 
from particles of the same material but different size (surface area) would 
be constant. However, this is seldom the case, as illustrated with release 
rates of iron per unit surface area and week for fine-sized, and coarser 
sized 316L stainless steel particles exposed in an acidic media in figure 2.6 
(paper III). The smaller sized particles show generally higher release rates. 
This implies that the effective surface area, that is the electrochemically 
active surface area of particles taking part in the corrosion/passive dissolu-
tion process, is larger on smaller particles compared to coarser particles.

The higher release rates observed for smaller particles are however con-
tradictory to the common knowledge on chemical equilibrium, from 
which it is expected that the relation between surface area and solution 
volume is important. A large volume would be a part of a “driving force” 
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for the dissolution of particles (assuming that the release process mainly is 
chemical dissolution). However, for fine-sized particles, the area/volume 
ratio would retard the dissolution since there is a smaller volume available 
per surface area unit of the particles, compared to the conditions for the 
coarser particles. This is an obvious consequence of defining the particle 
loading as a specific mass of particles for a given solution volume. A more 
relevant way to treat the particulate sample in suspension would perhaps 
be to define the loading based on the surface area of the test materials 
for a specific volume of test media. However, this is sometimes not very 
practical and even unfeasible for particulate samples, but the effect of this 
parameter is well worth to investigate further.

Figure 2.6. Average release rates of iron per unit surface area and week for fine, 
and coarse sized 316L stainless steel particles immersed in artificial lysosomal 
fluid (ALF) for various time periods up to 24 hours. Even though the measured 
amount of released iron is divided per surface area of the particles, the fine-sized 
particles show higher release rates than the coarser steel particles. The same 
trend is observed for the release of the other main alloying elements of chromium 
and nickel, however, at significantly lower levels. The results show average values 
of triplicate samples with one exception for the coarse particles exposed during 
8 hours where the measured average release of iron is based on two parallel 
samples. error bars indicate the standard deviation.



26

Metal ParticleS – hazard or riSk?

Since metal release rates are calculated based on the specific surface area, 
an area which can change during immersion testing and typically is very 
different between particles of both the same and different materials, com-
parative measures using metal release rates may be misleading. Another 
more fair way to present release data is hence to normalize the released 
amount of metals by the amount of particles loaded, for a given time 
period (µg/µg). This quotient is an indicative measure of the amount, or 
fraction, of the particles that has been released (dissolved) into solution. 

The amount of iron released from fine-sized (<4 µm) and coarse-sized 
(45 µm) 316L stainless steel particles per amount of particles loaded 
(mass), is presented in figure 2.7 for samples exposed in artificial lyso-
somal fluid, ALF, for various time periods up to 24 hours (paper III). From 
these results it is evident that the release of metals from fine-sized par-

Figure 2.7. Release of iron per amount of particles loaded measured for fine and 
coarse sized particles of 316L stainless steel after different immersion periods 
up to 24 hours in artificial lysosomal fluid, ALF (pH 4.5). The results are average 
values of triplicate samples with one exception for the coarse particles immersed 
during 8 hours where the measured average Fe release is based on two parallel 
samples. error bars indicate the standard deviation.
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ticles is enhanced compared to coarser-sized particles of the same material. 
This effect could possibly partly be explained by the fact the particles are 
produced in different ways and that the raw material may be slightly dif-
ferent. Small differences in chemical composition of the bulk material and 
in the surface oxide, as well as differences in barrier properties as a result of 
surface ageing, are common. For example, the reactivity of the surface of 
smaller-sized particles may be more “active” compared to particles of larger 
size, due to a thinner surface oxide film and an enhanced segregation of 
impurities to the surface (Nyborg et al 1992). 

However, it is not probable that these differences in the material cause 
the large difference in released amounts of iron. The main reason is more 
likely due to a higher activity of smaller particles, with a higher ratio of 
surface to bulk atoms that make them more prone to dissolve and react 
with the surrounding environment (Roduner 2006). This effect becomes 
more pronounced when studying the release profiles for nano-sized par-
ticles (paper V). 

key Messages

Studies of bioaccessibility of metal particles must take into consid-•	
eration the necessary prerequisite that they must be studied in their as-
received conditions, and that simulated biological media only resemble 
physiological conditions to a limited extent. Experimental parameters such 
as particle loading and test duration must be carefully selected in order to 
mimic as realistic conditions as possible for human exposure.

The extent of metal release from particles through chemical dissolu-•	
tion and/or electrochemical processes including corrosion and oxidation 
of metal components varies depending on material characteristics and the 
type of material such as alloy, pure metal or metal oxide. 

Material specific properties of metals and alloys such as nobility, micro-•	
structure, presence of impurities as well as the character of the surface 
oxide being thick or thin, protective or not, and its ability to re-passivate 
and grow if damaged, govern the metal release process, whereas the solu-
bility at specific conditions is decisive for metal oxides.
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The metal release process is closely related to prevailing environmental •	
conditions, in this case the synthetic biological media used for bioacces-
sibility testing, simulating various human biological conditions ranging 
from very acidic and harsh to near pH neutral and alkaline environments 
with differences in ionic strength and (to a limited extent) also in chemical 
complexity and the presence of organic species and proteins.

Metals are released to a larger extent as the particles decrease in size. This •	
behavior is partly related to differences in bulk composition and surface 
oxide but the main reason is believed to be the relatively higher activity of 
smaller particles.
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3 
an interdisciPlinary aPProacH 
to assess Metal release 
and toxicity of nano- and 
MicroMeter-sized Particles

By combining interdisciplinary competences in materials, surface and 
corrosion science with expertise in biological toxicity and aerosol science, 
toxicological aspects of nano- and micrometer-sized particles in relation to 
metal release and particle characteristics could be more thoroughly assessed 
by applying a multi-analytical approach. The Stockholm Particle Group, 
SPG, was established in 2007 by researchers from the Royal Institute of 
Technology, KTH, Karolinska Institutet and Stockholm University, all 
with a common interest in health effects induced by metal particles. Using 
our competences in surface and corrosion science, analytical toxicology 
and aerosol science, a first study combining aspects of surface character-
istics, copper release and toxicity of nano- and micrometer-sized copper 
and copper(II)oxide particles was conducted. The outcome clearly empha-
sized the potential in such an interdisciplinary approach and the synergy in 
applying a multi-analytical view when interpreting results generated. At the 
same time, the interdisciplinary collaboration triggered further questions 
related to other aspects of the correlation between surface and material 
properties and induced toxicity, as well as aspects on experimental settings 
and mechanisms behind the metal particle/cell interaction that may cause 
adverse effects on human health. The interdisciplinary approach taken by 
the SPG researchers are schematically illustrated in figure 3.1.

3.1 Particle ProPerties are decisive for tHe 
interaction WitH biological systeMs and 
tHerefore necessary to cHaracterize. (PaPer v)

Particle size, particle size distribution, surface area, and surface morphol-
ogy are all physical properties of particles that govern their reaction and 
interaction with the surrounding environment. Chemical properties of 
particles, in particular the chemical composition of the particle surface, 
are decisive for the interaction with a biological system. Therefore it is 
necessary to characterize both physical and chemical properties of particles 
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in order to enable understanding of the interaction mechanisms between 
metal particles and the human body as well as its potential adverse effects 
and consequences on human health.

Physical and chemical properties of particles are intimately linked 
together. Particle size and its distribution in a medium decide the total 
surface area of a particulate material. The surface area, generally large when 
particles are small in size, determines the interfacial area of the particle 
potentially in contact with a specific medium where different chemical 
reactions such as dissolution and/or corrosion/oxidation can occur. As a 

Figure 3.1. The research approach of the SPG group includes investigations of 
particle/cell interactions using cultivated human lung cells, an in-vitro toxicological 
model simulating an inhalation scenario. Lung cells are incubated with particles 
suspended in cell medium. During the incubation, particles release metals (that 
are likely bound into complexes) and interact with the cell surface. Fine sized 
particles, for instance copper nanoparticles, are believed to penetrate the cell 
membrane, hence metal release processes occur inside the cell. this mechanism 
may be a part of the explanation to high toxicity induced by nanoparticles.
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result of these reactions, a degradation of the particle surface occurs, and/
or surface reactions forming reactive oxygen species takes place. These reac-
tions may be essential for the mechanisms influencing a biological system 
such as cultivated cells or the human body. If the surface area is less acces-
sible, or reduced by agglomeration or aggregation of particles, the chemis-
try of the particles is likely affected. Generally, the tendency of smaller par-
ticles to aggregate and/or to agglomerate in a given medium depends on 
parameters such as particle concentration, and media composition (ionic 
strength/salt content) (He et al 2008, Murdock et al 2007). Moreover, 
depending on material properties such as the presence or non-presence of 
passive surface oxides, the surface area can be reduced with time as a result 
of particle dissolution and/or corrosion processes.

Several studies have shown a correlation between the surface area of 
particles and their toxic effects (Montellier et al 2007, Stoeger et al 2006). 
Other investigations have elucidated that the release of metals from par-
ticles as a result of dissolution and/or corrosion is higher for smaller par-
ticles, compared to more coarse particles (Karlsson et al 2009, paper III). 
However, particle size and size distribution do not only determine the 
surface area of particles but are also crucial for their surface properties and 
surface reactivity. As the ratio of surface atoms to total atoms increases 
with decreasing particle size, the surface reactivity increases, and a larger 
chemical and biological activity is expected (Oberdörster et al 2005, 
Roduner 2006). Recent investigations have though shown a correlation 
between the toxicity and the surface reactivity of TiO2 nanoparticles and 
SiO2 particles rather than between toxicity and particle size (Warheit et 
al 2006, 2007). Since properties such as surface area, shape, morphol-
ogy, elemental composition, solubility and agglomeration state (Borm et al 
2006) are related to the size of particles, it is interesting, and also relevant 
from a human health perspective, to study the correlation between small 
particles and their toxicological response. These size dependent proper-
ties may affect any potential toxicological interaction of such particles, for 
example by modifying cellular uptake and translocation of the particles 
in the body (Nel et al 2006). Nanoparticles are a heterogeneous group 
composed of materials that for instance differ in specific material charac-
teristics and physico-chemical properties. These differences trigger the need 
for thorough characterizations of particle properties for accurate assess-



33

an interdiSciPlinary aPProach

ment of toxicological aspects related to particles. Such interdisciplinary 
assessments focusing on the combination of particle-, material and surface 
properties, and toxicological aspects are essential for accurate interpreta-
tion of potential adverse health effects caused by particles. To address the 
question whether toxicity of nano-sized particles can be extrapolated from 
toxicity data of micron-sized particles, parallel investigations of nano- and 
micron-sized materials of similar chemistry is required (Holsapple et al 
2005, Oberdörster et al 2005).

From a scientific perspective, it would of course be preferable to compare 
particles of different sizes produced in exactly the same way. However, in 
many cases this is not practically possible and would not either reflect 
reality. Micron-sized particles are traditionally believed to be primarily 
generated by mechanical processes, while nano-sized particles typically are 
formed by nucleation processes. For example, nano- and micrometer-sized 
copper particles studied by SPG (papers V, VI) could not be obtained 
from the same production route. To enable an in-depth understanding and 
accurate interpretation of results from studies of metal particles (address-
ing issues such as metal release and toxic response) it is for instance neces-
sary to extract information on the chemical composition from a combined 
bulk and surface perspective. The type of material and the main elemental 
components of particles are decisive for their interaction with a biologi-
cal system or a surrounding medium. In addition to compositional data 
provided by the suppliers that often is very limited, essential informa-
tion can relatively easily be generated by using different surface analyti-
cal tools and other techniques available to characterize particles. Such a 
multi-analytical characterization of nano-and micrometer-sized copper 
and copper(II)oxide particles conducted by SPG are exemplified in figure 
3.2 for copper nanoparticles (paper V).

The visual appearance of copper nanoparticles, revealed by field emission 
gun scanning electron microscopy investigations, FEG-SEM, shows rela-
tively small particles that are aggregated/agglomerated to larger clusters. 
The primary size of copper nanoparticles is about 100 nm, a number which 
is consistent with the specific surface area of 6.7 m2/g, measured by BET 
analysis via adsorption of nitrogen atoms at cryogenic conditions. Results 
from measurements of the median particle size of copper nanoparticles 
in PBS by means of a laser diffraction technique reflect the stability of 
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these clusters in solution, sized 500 nm in diameter (formed in air but still 
present when dispersed in solution). Copper nanoparticles are oxidized at 
ambient atmospheric conditions forming mainly a surface oxide composed 
of Cu2O (detected by Fourier-transform infrared spectroscopy, FTIR, and 
X-ray powder diffraction XRD), covered with a thin outer layer of CuO 
(detected by X-ray photoelectron spectroscopy, XPS, XRD, FTIR). The 
bulk of the copper particles is copper in its metallic state (XRD). 

Figure 3.2. Summary of multi-analytical characterization of copper nanoparticles: 
FTIR spectrum showing vibrations attributed to copper oxides (upper left) and XPS 
spectra of oxygen (lower left) with peaks assigned to oxygen in surface oxides on 
copper nanoparticles as visualized in the middle. Particle size distribution in PBS 
(upper right), BET specific surface area and morphology of particles by FEG-SEM 
(lower right).
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3.2 addition of seruM influences tHe Particle 
beHavior in solution and enHances Metal 
release froM Particles. (PaPer vi)

In vitro studies with cell cultures are used extensively for investigations of 
toxicity of different nanoparticles. However, several experimental condi-
tions are likely decisive for the outcome of this kind of experiments, and in 
the end also for accurate interpretation of generated results. When studying 
effects on cultivated cells, prevailing characteristics of the cell media, for 
example the presence of proteins from added serum and differences in 
ionic strength, it is evident that these factors influence the stability of the 
particles in solution including agglomeration and sedimentation (Nel et al 
2009, paper VI). For example, an increased concentration of serum in cell 
medium showed a reduced size of agglomerates for different metal oxide 
particles already at a serum concentration of 5% (Schulze et al 2008). Ionic 
species and proteins may also interact with the particle surface causing 
changes in surface charge and shifted chemical properties of the surface. 
Various metal oxide nanoparticles showed differences in effective surface 
charge (zeta potential) in water suspensions, but small differences in cell 
medium due to the surface adsorption of proteins (Limbach et al 2005). 
Nanoparticles of silver and copper suspended in serum-supplemented cell 
medium showed a decreased cell viability compared to conditions without 
serum, an effect not observed for nano-sized TiO2 (Murdock et al 2008).  
This clearly illustrate that different particles behave very differently from 
each other. 

The use of serum-supplemented cell medium appears to be the scientifi-
cally accepted way and the “default setting” for most in vitro toxicological 
investigations. Few studies exist that actually investigate how the addition 
of serum influences the behavior of particles in solution, in particular in 
relation to metal release processes and induced cell toxicity. These aspects 
were addressed in paper VI.

The effect on agglomeration of particles in cell medium with and without 
the supplementation of serum was investigated in paper VI for copper 
nanoparticles using photon correlation spectroscopy, PCS. Measurements 
of the hydrodynamic diameter of copper nanoparticles in cell medium 
without serum immediately after sample preparation, showed almost twice 
the size of particles suspended in the serum supplemented medium. The 
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size of particle agglomerates in medium with serum remained stable during 
4 hours, while particles dispersed in medium without serum revealed the 
formation of even larger agglomerates with time. In both cases, the count 
rate (proportional to the signal intensity and indicative of the quality of 
the signal) declined during the measurements, which implies the presence 
of fewer particles as a result of sedimentation and corrosion/dissolution 
of particles taking place during the same time period. In general, the 
copper nanoparticles were more efficiently dispersed when exposed in the 
medium with serum compared to medium without serum supplementa-
tion. In addition, the presence of serum revealed a high capacity to prevent 
from further particle agglomeration. It is anticipated that serum proteins 
adsorb onto the particle surfaces and thereby constitute a steric stabiliza-
tion that prevents the particles from coming close to one another and 
form agglomerates (Bihari et al 2008). Figure 3.3 schematically illustrates 
the particle agglomeration process and subsequent corrosion/dissolution 
of copper nanoparticles with time when suspended in cell medium with 
and without serum added.

The amount of copper released from copper nanoparticles during 4 hours 
of immersion in the cell medium, with and without serum supplementa-
tion, was measured for different particle loadings (paper VI). The results, 
displayed in figure 3.4 as the amount of copper released (mg) divided by 
the amount of particles loaded (mg) in the samples, show slightly higher 

Figure 3.3. schematic illustration of copper nanoparticles dispersed in cell medium 
(left), further agglomeration and sedimentation of particles with time (middle) and 
subsequent corrosion/dissolution of particles resulting in a nearly complete disso-
lution after four hours of immersion in the cell medium (right). 
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copper release in cell medium with serum added for all particle loadings. 
When the released amounts of copper instead are divided by the total 
amount of copper in the sample (a measured value), the release pattern 
in medium with and without serum shows a relatively higher extent of 
released copper. Observed differences between particles exposed in cell 
medium with and without serum added were statistically significant for 
all particle loadings except for the loading of 20 mg/L. From the results 
it can be concluded that copper nanoparticles undergo a nearly complete 
dissolution in cell medium, regardless of the addition of serum, and inde-
pendent of particle loading.

The metal release process (including both chemical dissolution and 
electrochemically induced corrosion processes) depends, as previously dis-
cussed, on prevailing exposure conditions such as the acidity, ionic strength 
and presence of inorganic and organic species and biological compounds 
such as amino acids and proteins in the medium of interest. This is in 
agreement with generated results of copper release from copper nanopar-
ticles generated in cell media with and without serum (paper VI). It is 

Figure 3.4. Average amount of copper released (mg) per amount of particles 
loaded (mg) from copper nanoparticles immersed during 4 hours in cell medium 
(DMEM) with and without serum for particle loadings ranging from 2 to 40 mg/L. 
the error bars indicate standard deviation of triplicate samples.
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interesting though, that the extent of copper release is enhanced in the 
presence of serum. Often the presence of proteins is thought to reduce or 
inhibit such reactions. However, the same tendency has been observed for 
the release of iron, nickel and chromium from massive surfaces of stainless 
steel immersed in synthetic biological media, with and without proteins 
(unpublished results). 

Investigations of cell death induced by the copper nanoparticles by means 
of two different toxicity models (MTT and trypan blue assay), showed no 
clear correlation between cell viability and the presence of serum in the cell 
medium. As expected, a trend towards decreased cell viability was observed 
with increasing particle loading. An increase in DNA strand breaks could 
be observed for the particle loading of 20 mg/L (the highest particle loading 
investigated) of copper nanoparticles suspended in medium without serum 
compared to exposure in medium with serum. However, this effect was 
not observed for the other particle loadings investigated, and no significant 
difference in oxidative DNA lesions could be detected. The particle surface 
area has been shown to be important for particle toxicity (Oberdörster et 
al 2005), and thus a smaller size of the agglomerates would be expected to 
result in higher toxicity. Even though supplementation of serum resulted 
in a more dispersed particle solution with smaller agglomerates (implying 
larger surface area) compared to the medium without any serum added, no 
clear difference in neither cell viability nor DNA strand breaks or oxidative 
lesions when exposed to cultivated cells was observed. 

3.3 sonication treatMent of Particle 
susPensions influences tHe extent of Metal 
release froM Particles and Particle toxicity. 
(PaPers v, vi)

The use of ultrasonication is a standard procedure when preparing homo-
geneous particle suspensions for toxicological investigations of nanopar-
ticles. The sonication treatment disrupt large agglomerates of particles as 
the ultrasound causes nucleation and collapse of solvent bubbles (Mandzy 
et al 2005). Sonication of particle suspensions prior to toxicity and metal 
release testing of particles could be questioned since the large quantity of 
energy introduced to the sample material is believed to enhance the dis-
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solution of particles and also shift essential particle properties that may 
influence the toxicological outcome.  For copper nanoparticles, the sonica-
tion procedure may also disturb the surface oxide present on the metallic 
particles, which would significantly influence the corrosion process. As 
a result, the protective properties of the oxide may become significantly 
reduced, and the extent of copper release enhanced.

Generated results of copper released from copper nanoparticles immersed 
during 4 hours in serum supplemented cell medium for two particle 
loadings, 40 and 80 mg/L, figure 3.5, show significantly lower amounts of 
released copper per amount of particles loaded for non-sonicated particles 
(paper VI). The trend is obvious for both particle loadings. The ratio of 
released copper divided by the amount of copper particles in a specific 
sample reflects the percentage of the copper particle actually being dis-
solved due to corrosion/dissolution processes upon immersion (assuming 
that the mass of particles loaded is close to the mass of copper metal present 
in the particles). For sonicated samples, about 70% of the copper particles 
were released/dissolved after 4 hours in cell medium, regardless of particle 

Figure 3.5. The difference in average released amounts of copper (mg) per 
amount of particles loaded (mg) for sonicated and non-sonicated copper nano-
particles immersed during 4 hours in serum supplemented cell medium (DMEM+). 
the error bars indicate standard deviation of triplicate samples.
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loading. For non-sonicated particle samples, the corresponding released 
amount of copper was about 30% of the particles mass. Similar measure-
ments have previously shown analogous results although slightly higher for 
both sonicated and non-sonicated particles (about 80% for sonicated and 
40% for non-sonicated particles) (paper V). These measurements gener-
ated in addition kinetic information on the copper release process with 
relatively fast release rates during the first hour in cell medium. After pro-
longed immersion, almost 100% of the particles were dissolved and the 
effect of sonication was not visible (paper V).

Since investigations of toxicity induced by nanoparticles and the assess-
ment of the amount of subsequently released metals are performed using 
relatively small amounts of particles (µg) suspended in small volumes (µL) 
of cell medium, the particle preparation procedure has to be based on the 
dilution of a concentrated particle/medium bulk solution to obtain the 
desired particle loading for further testing. Upon dilution and handling of 
small volumes using pipettes, an experimental error is always introduced. 
This error is most probably less pronounced when particle/medium sus-
pensions are treated by sonication, and consequently an improved repro-
ducibility in results is obtained. Therefore, particle samples were prepared 
in a way analogical to samples prepared for toxicological and correspond-
ing metal release investigations. The total amount of copper was analyzed 
in these samples after all added particles were completely dissolved by acid-
ification (HNO3). The results, in terms of total amount of copper in each 
copper nanoparticle-containing sample divided by the amount of particles 
loaded, illustrated in figure 3.6, showed that in the case of non-sonicated 
samples, only a little more than 50% of the desired amount copper was 
actually present in the samples. This percentage was slightly higher for 
particle samples being sonicated prior to dilution to the required particle 
loading for testing. In this case about 65% of the copper desired was 
actually measured in the particle sample prepared. These results clearly 
illustrate that this lead to an underestimation of the degree of particle 
release/dissolution and the induced toxicity from particles as a result of  less 
copper (smaller amounts of copper nanoparticles) in the prepared sample 
than expected based on the desired particle loading. For example, when 
dividing the released amount of copper with the total amount of copper in 
the particles that were loaded in the samples (measured with AAS) instead 
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of the amount of particles loaded (total mass of particles), sonicated copper 
nanoparticles were completely dissolved while approximately 35% of the 
non-sonicated particles persisted during 4 hours in the cell medium, figure 
3.7.

Toxicity studies investigating the influence of sonication treatment of 
particles were performed using two different models for the evaluation of 
cell death of cultivated lung epithelial cells, trypan blue staining and MTT 
assay (paper VI). Increased toxicity of copper nanoparticles with a signifi-
cant reduction in the number of viable cells (60-80%) was observed after 
exposure to sonicated nanoparticles for the high particle loading, 80 mg/L, 
when compared to non-sonicated samples (10-20%). The same trend, 
however less pronounced, could also be observed for the lower particle 
loading, 40 mg/L.

The most likely reason for the increase in toxicity after sonication, 
compared to non-sonicated samples, is a lower extent of agglomeration, 
also indicated by the size distribution measurements in solution by means 

Figure 3.6. The difference between the intended copper particle loading and 
the measured amount of copper present in copper nanoparticle samples being 
sonicated and non-sonicated, respectively (mean values for all particle loadings 
tested, error bars indicate standard deviation). the ratio equal to one means that 
100% of the desired copper is present in samples.
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of laser diffraction technique. The size of particle agglomerates in non-
sonicated samples was not possible to estimate by photon correlation spec-
troscopy, PCS, due to rapid sedimentation. However, visual observations 
clearly revealed that sonication rapidly changed the appearance of the cell 
medium from visible large particle agglomerates to a dark brownish appear-
ance without any visible particle agglomerates. These observations are in 
agreement with recent findings by Bihari et al showing a decreased size of 
particle agglomerates after sonication of eight different nanomaterials sus-
pended in deionized water (Bihari et al 2008). However, also other factors 
such as changes in surface reactivity and surface charge (zeta-potential) as 
well as compositional and microstructural changes of the surface oxide can 
influence both the toxicity (directly), and/or the extent of copper release. 
The influence of sonication on toxicity has recently been investigated by 
Murdock et al who reported a slight increase in toxicity on neuroblastoma 
cells for sonicated samples of silver nanoparticles coated with hydrocarbon, 
but no effect for silver nanoparticles coated with polysaccharide (Murdock 

Figure 3.7. The difference in average released amounts of copper (mg) per 
amount of copper in copper nanoparticles loaded (mg) being sonicated and non-
sonicated and immersed during four hours in serum supplemented cell medium 
(dMeM+). the error bars indicate standard deviation of triplicate samples.
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et al 2008). The same study reported only a small or non-significant effect 
on de-agglomeration after sonication, probably as a result of the nature 
and barrier properties of the surface coatings. 

3.4 nanoParticles are More toxic tHan 
MicroMeter-sized Particles and toxicity 
can only Partly be exPlained by tHe released 
aMount of Metals. (PaPer v)

The use and production of nanoparticles for various applications are 
increasing in the society. However, the risks for potential adverse effects on 
human health and on the environment due to these particles are not fully 
assessed and existing studies cover only the most common particle types. 
In order to understand fundamental mechanisms of toxicity induced by 
metal-containing nanoparticles, the relatively simple metal system of nano- 
and micrometer sized copper and copper(II)oxide particles was studied. 
The aim was to investigate if toxicity of micrometer sized particles could 
be extrapolated to toxicity induced by nano-sized particles of the same 
material.

Few studies have compared the particle size-dependence of toxicity 
induced by different copper particles. Nanoparticles of copper have been 
shown to induce heavy injuries in internal organs in mice after oral admin-
istration, effects not observed after exposure to micron-sized particles 
(Chen et al 2006). Nano-sized copper particles have also been shown to 
quickly dissolve in artificial gastric fluid, while such effects were signifi-
cantly slower for micro-sized copper particles (Meng et al 2007). Even 
though particle dissolution likely is important for oral toxicity, the situ-
ation may be different in the lung compartment, the biological system 
specifically aimed to study within the frame of SPG (paper V).

Induced toxicity of nano- and micrometer-sized copper and copper(II)
oxide particles on cultivated lung epithelial cells was studied measuring 
DNA damage (after 4 hours) and cell death (non viable cells, after 4 and 
18 hours). In parallel, the toxicity induced by the amount of copper ionic 
species only released from the corresponding particles after 4 hours in the 
cell medium with serum, was investigated (no particles present for the 
toxicological investigation, only the released copper fraction).
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Nano-sized particles of copper and copper(II)oxide induced significantly 
more DNA damage to the cultivated lung cells compared to micron-sized 
particles of the same material during 4 hours of exposure. No DNA damage 
induced by the released copper fraction was observed. Toxicity investiga-
tions after the same time period, showed that nano- and micrometer-sized 
copper particles induced a significant increase of dead cells (78% and 4% 
respectively), whereas nano- and micrometer-sized copper(II)oxide parti-
cles only induced a small, but non-significant, increase of dead cells. DNA 
damage may thus to some extent be a consequence of cytotoxic effects, 
especially in the case of copper nanoparticles. 

Higher degrees of cytotoxicity (18 h) were induced by nanoparticles 
compared to the micrometer-sized particles, and a low, but statistically 
significant, increase of non viable cells after exposure to the released copper 
fraction (without particles present) was observed for the nano-sized parti-
cles of copper and copper(II)oxide. No significant effect could be observed 
for micrometer-sized particles, figure 3.8. For all particles, cytotoxicity 
induced by the released copper fraction was significantly lower compared 

Figure 3.8. Cytotoxicity induced to cultivated lung cells by nano- and micrometer-
sized particles of copper and copper(II)oxide, and cytotoxicity induced by the 
released copper fraction (after four hours of immersion in serum supplemented cell 
medium, dMeM+) from the same particles without any particles present. the error 
bars indicate standard deviation of three independent experiments for toxicity.
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to the response of the particles. The results are in agreement with the lack 
of observed DNA damage induced by the released copper fraction, and 
consistent with copper release data showing significantly higher released 
amounts of copper from both nano-sized particles compared to the 
micrometer-sized particles of copper and copper(II)oxide.

One explanation for the higher observed toxicity of nano-sized parti-
cles compared to the effect observed for the released copper fraction is 
that these small nanoparticles, in contrast to most metal ions, more easily 
can pass the cell membrane (Colognato et al 2008, Limbach et al 2005). 
Another possible explanation for differences in induced DNA damage and 
cytotoxicity is differences in uptake rates, although the mechanisms are 
not clearly established. Nanoparticles create in many cases agglomerates at 
a faster rate and to a higher extent compared to larger particles. This may 
lead to a lower uptake, based on mass, due to a lower density for agglom-
erates compared to solid particles (Limbach et al 2005). However, copper 
released from nano-sized particles that can penetrate cells may possibly 
induce toxicity. These observations are in agreement with the literature, 
examining the effects of copper ions on T-lymphocytes where copper ions 
induced apoptosis (programmed cell death) at lower doses, compared 
to DNA damage (Caicedo et al 2008). Recent ecotoxicological findings 
in surface water have shown both dissolved copper ions from copper(II)
oxide nano-sized particles and the particles themselves to induce toxicity 
in aquatic organisms (Griffitt et al 2007, Heinlaan et al 2008). 

Generated results in this thesis (paper V) imply that cytotoxicity induced 
by nano-sized copper and copper(II)oxide particles only to a small extent 
can be correlated to the released particle fraction but rather to the par-
ticles themselves. Similar conclusions can be drawn for the DNA damage 
induced, whereas no effects were observed from the released copper fraction 
without any particles present.

3.5 coPPer nanoParticles are Made available to 
cells via release Processes botH outside and 
inside tHe cell MeMbrane. (PaPers v, vi)

Copper release from copper nanoparticles was enhanced by sonication treat-
ment in cell medium supplemented with and without serum (paper VI). 
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Kinetic information on a more “natural” release process (without sonica-
tion treatment of particle suspensions) was obtained during immersion 
of copper nanoparticles in PBS for various time periods up to 24 hours, 
figure 3.9 (paper V). The assumed behavior of copper release would be a 
continuous process with higher amounts of total copper released with time. 
In reality, the total amount of copper released after 4 hours of immersion 
in PBS was actually lower than the amounts measured after 2 hours for 
particle loadings of 40 and 80 mg/L respectively. This implies that the 
released copper (likely released/dissolved from the surface oxide) reprecipi-
tates on the particle surface with time, and as a consequence, the surface 
oxide is reconstructed/rearranged after 4 hours of immersion in PBS.

Higher levels of released copper from copper nanoparticles were allover 
observed for the lower particle loading of 40 mg/L, compared to the high 
loading of 80 mg/L. This is in agreement with findings in previous metal 
release studies using different particle loadings (paper V), and totally rea-

Figure 3.9. Total average released amounts of copper per amount of copper nano-
particles loaded during immersion for various time periods in phosphate buffered 
saline, PBS. Particle suspensions were prepared in larger volumes to avoid dilution 
and no sonication treatment was used within the experimental procedure. error 
bars show the standard deviation between triplicate samples.
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sonable considering a state of chemical equilibrium as previously discussed. 
For comparison, the lowest amount of released copper from the higher 
loading of copper nanoparticles during immersion in PBS, corresponds to 
approximately 2% of copper released from the loaded particle mass. For 
comparison, a 4 hour immersion in the serum-supplemented cell medium 
at identical conditions resulted in a corrosion/dissolution corresponding 
to approximately 40% of the amount of particles loaded, figure 3.9. 

Nanoparticles generally induced more toxicity than micrometer-sized 
particles and these observations could not solely be explained by the 
released metal fraction from the particles but rather to the particles them-
selves, which must be the real culprit for the toxic response. Since nano-
particles are able to penetrate the cell membrane it is reasonable to believe 
that metal release processes may take place inside the cell and subsequently 
induce toxicity from the inside of the cell membrane. This idea is some-
times referred to as the “Trojan horse” mechanism (Limbach et al 2007). 
A possible difference in toxicity may be explained by a different ability 
of nano- and micrometer-sized particles to penetrate the cell membrane 
resulting in varying intracellular doses of, in this case, copper particles 
(paper VI). Since fewer particles in a given solution volume (lower particle 
loadings) release relatively higher amounts of metals compared with higher 
particle loadings (paper IV), and it has been shown that a more dispersed 
particle solution may aid cellular uptake (Foucaud et al 2007), the pos-
sibility to estimate an “intracellular dose” of metal nanoparticles is of large 
value.

In order to estimate the amount of copper nanoparticles penetrated 
into the cells after 4 hours of incubation during toxicity testing, particle/
cell medium suspensions were removed and the cells were collected and 
washed with PBS in several steps (paper VI). This procedure was made 
as an attempt to remove cell medium and particles adsorbed on the cell 
surfaces. In the end, a small volume of cells in PBS was acidified by con-
centrated HNO3 to destroy organic material and dissolve/dissociate copper 
eventually present inside the cells. The solution was thereafter analyzed for 
total copper by atomic absorption spectrometry with a graphite furnace 
accessory.

The cell samples contained measurable amounts of copper that clearly 
must origin from copper nanoparticles inside the cells, or from copper 
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released from intracellular particles. The total sum of the amount of intra-
cellular copper in all cells during exposure was calculated to approximately 
15% of all copper added as particles to the cells. No clear difference was 
observed between sonicated and non-sonicated particle suspensions, and 
no significant difference between cell samples exposed to particles in cell 
medium with or without serum could be observed. As expected, a signifi-
cant trend with increased intracellular copper with an increased particle 
loading was observed (analyzed for samples investigating the effect of 
presence and non-presence of serum), figure 3.10. 

The measured amount of total copper in the cell samples after 4 hours 
of exposure to copper nanoparticles in cell medium with and without 
serum, reflecting the intracellular dose of copper, showed a linear increase 
in copper concentrations in the cells with increasing particle loading. In 
cell samples exposed to the highest loading of copper nanoparticles, the 
measured concentration of copper varied between approximately 200 and 

Figure 3.10. Mean measured copper concentrations in cell samples incubated 
with copper nanoparticles suspended in cell medium (dMeM) with and without 
addition of serum, during 4 hours of immersion. The error bars show the standard 
deviation between replicate samples (triplicates for the particle loading of 2 mg/L; 
4 parallel samples for the loading of 10 mg/L; 6 replicate samples for the particle 
loading of 20 mg/L).
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700 mg/L, hence resulting in large error bars for this loading. This could be 
considered as a quality approval of the experimental procedure, indicating 
that the sample preparation (working with small volumes and with several 
washing steps) introduces errors that result in a relatively large uncertainty 
in results. However, copper was actually present in the cell samples, and 
even though the exact quantities are difficult to determine, the results can 
be used as realistic estimates of the intracellular copper dose.

 TEM images of cell interactions after 1 and 4 hours of exposure to soni-
cated and non-sonicated copper nanoparticle suspensions with and without 
serum at a loading of 40 µg/mL did not reveal any intracellular particles, 
indicative of a fast intracellular particle dissolution process. Particles that 
were visible to TEM seemed to be located on the cell surfaces.

key Messages

Nano- and micrometer-sized metal particles often are generated/•	
produced at different conditions. This emphasizes the importance of a 
thorough characterization of particle properties, and especially their surface 
conditions, to enable further interpretation and analysis of bioaccessibility, 
bioavailability and toxicity data for fine and coarse metal particles of the 
same material but different origin.

Serum proteins added to the test medium influence the stability/degree •	
of agglomeration of nanoparticles in solution. The release of copper from 
copper nanoparticles is enhanced but the supplementation of serum 
proteins does not significantly influence the induced particle toxicity to 
cultured lung cells.

Sonication treatment of copper nanoparticles during sample prepara-•	
tion results in enhanced release of copper and a higher degree of toxicity 
induced on cultured lung cells. The results are most probably an effect of 
the fact that sonicated particle samples contain a larger number of copper 
particles, determined to be only about 65% of the desired particle loading, 
compared to non-sonicated samples, in which only 50% of the desired 
particle loading of copper was present. The deficit of particles in both 
cases is a result of the handling of small experimental volumes in the tests, 
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and implies an underestimated toxicity even though the reproducibility of 
results is better for sonicated samples.

Toxicity induced by nano-sized particles of copper and copper(II)oxide •	
is higher compared to micrometer-sized particles of the same materials. 
Cell death induced by nanoparticles is significantly higher than cytotoxicity 
induced by only the released copper fraction (without particles present).

Since copper nanoparticles were highly toxic to cultured human lung •	
cells, estimates of the intracellular copper dose are of interest. An experi-
mental attempt to measure intracellular copper from copper nanoparticles 
showed detectable copper concentrations in cell samples, however, results 
show a large variation in results due to experimental difficulties.
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4 
an aPPlied aPProacH to assess 
Metal alloy Particles WitH 
resPect to HuMan HealtH 

December 1, 2010, is the deadline for manufacturers and importers to 
register their substances, produced in or imported to EU in quantities 
higher than 1000 tonnes per year. The European Chemicals Agency 
(ECHA) is the agency that manages this process of all chemical substances 
(including metals and alloys) to ensure their safe use, and the competitive-
ness of the European industry. This demand is regulated by the enacted 
chemicals policy within the European Union, REACH (Registration, 
Evaluation, Authorization of Chemicals) implemented in 2007. Since 
many engineering metals and alloys belong to this group, the producers 
have via different metal organizations formed different industry consortia 
to manage the compilation of existing data, the generation of essential new 
data and to share all costs involved to enable registration and generate a 
risk assessment dossier for their materials into the ECHA system.

The first planning of a long-term research collaboration between the 
Division of Corrosion Science at KTH, the International Chromium 
Development Association (ICDA) and the Finnish Institute of 
Occupational Health (FIOH) started in late 2007. This extensive research 
project, assessing bioaccessibility data for various ferro-chromium and fer-
ro-silicon-chromium alloys of commercial relevance for the global market, 
has since then been running full time with several people involved at the 
Division of Surface and Corrosion Science, KTH. The ICDA collabora-
tion projects supported by ferrochromium producers via industry consor-
tia was one of the first industry-initiated projects conducted at KTH where 
bioaccessibility aspects were extended to full dimensions and all aspects of 
metal release in relation to surface properties were assessed. This “applied” 
research approach is schematically presented in figure 4.1. The ultimate 
goal was to develop a detailed picture of the behavior of ferro-chromium 
alloys in synthetic biological media simulating different routes of human 
exposure.  Data was generated to provide a scientific basis for further deci-
sions by toxicologists and legislators to i) justify the use of read across from 
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effect data for similar materials, ii) group similar materials with respect to 
health and environmental effects, iii) demonstrate differences in bioacces-
sibility between pure metals and alloys, and iv) make scientifically sound 
proposals for hazard classification. The Finnish Institute of Occupational 
Health (FIOH) conducts the risk assessment and prepares the REACH 
dossier for ferro-chromium and ferro-silicon-chromium alloys partly based 
on bioaccessibility data generated at KTH.

Figure 4.1. applied research approach taken to fully assess the bioaccessibility 
and bioavailability (in terms of chemical speciation) of ferro-chromium and ferro-
silicon-chromium particles in relation to well-characterized material and surface 
properties.
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4.1 industry is required to assess tHeir 
Products WitH resPect to Potential adverse 
HealtH and environMental effects. (PaPer vii)

The European product safety legislation, REACH, requires that compa-
nies that manufacture, import or use chemicals (including metals and 
alloys) demonstrate safe use and high level of protection of their products 
placed on the market. Any human or environmental risks associated with 
the manufacture and uses of products should be identified and adequately 
controlled throughout their life cycle. This process involves a detailed 
assessment of potential hazards induced by the substance/material in 
question against a series of health and environmental effect endpoints and 
the generation and interpretation of data used to determine the essential 
characteristics of the substance/ material. 

Alloys represent the most significant and widespread use of many metals 
in all kind of applications in the society, and therefore it is important 
to develop a detailed understanding of the characteristics and behavior 
of this group of materials. Many alloys have existed for a very long time 
and the benefits of their intrinsic properties such as mechanical strength, 
hardness, ductility and corrosion resistance are generally well known and 
documented. However, potential adverse effects induced on human health 
and the environment, caused upon manufacture and use of alloys are very 
seldom assessed. 

In the United Nations Globally Harmonized System of Classification 
and Labeling of Chemicals (UN 2003), alloys are explicitly addressed as 
simple mixtures of metals, with hazard identification and classification 
based on the intrinsic properties of their individual alloy constituents. This 
simplified view is in the case of an alloy such as stainless steel, highly erro-
neous. From a metal release perspective, this is for instance evident when 
comparing released amounts of chromium, iron and nickel from stainless 
steel grade AISI 316L with those from its pure metal constituents in differ-
ent kind of media (Herting et al 2005, Herting et al 2008). These studies 
indicate that stainless steel grade 316L, containing 17.2wt% chromium 
and 10.7wt% nickel actually behaves from a metal release perspective as a 
chromium-based material containing 0.02wt% iron and 0.005wt% nickel, 
both well below the lowest threshold concentration for hazard classifica-
tion (Herting 2008).
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A statement saying that “Alloys are preparations under REACH albeit 
special ones where the properties of the preparation do not always simply 
match the properties of the components” ensures that the misleading view 
on alloys as simple mixtures of metals can be avoided for assessment of this 
group of materials under REACH (EC Directive 67/548/EEC, Annex I). 
For alloys it is highly likely that it is the chemistry of the alloy system and 
not its metallurgy that is the most important factor governing their bioac-
cessibility in biological systems.

Large gaps of knowledge related to bioaccessibility aspects of metals and 
alloys need to be filled to meet the demands of REACH, and to accom-
plish the generation of accurate risk assessment dossiers.

4.2 generated bioaccessibility data Has to be 
based on scientifically sound and relevant 
researcH aPProacH WitH a MiniMuM of aniMal 
testing. (PaPers vii, viii)

Metals and alloys are used in all kinds of applications in the society improv-
ing the quality of our daily life. Humans are hence regularly in contact with 
different items made of metals and alloys such as cutlery, watches, jewelry, 
door handles, water taps etc. However, most such human interactions do 
not pose any adverse health problems, although direct contact with nickel 
containing metal surfaces in for instance coins or piercing jewelry, can at 
specific conditions cause contact dermatitis. Metals released from implant 
materials have lately increased the concern related to diffuse emissions of 
metals.

Human exposure to particulate matter in our daily environment has 
become an issue of general concern in the society. Particles with metal 
components can be generated at certain exposure scenarios related to occu-
pational activities such as metal and metal alloy manufacture and process-
ing, combustion or generated in the traffic environment, or by natural 
processes through erosion of minerals or volcanic eruptions. Different 
kind of particles exists with varying composition ranging from pure metals, 
metallic components, metal alloys with oxidized surfaces to particles con-
sisting of metal oxides or compounds. Potential adverse effects on human 
health caused by the exposure of such metal particles or metal compounds 
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through the main routes, oral – ingestion, dermal – skin contact and/
or inhalation, and their subsequent potential for particle dissolution and 
metal release in contact with the human body, show significant gaps of 
knowledge. 

To assess whether any systemic or organ toxicity in humans will occur 
upon exposure of such particles via skin contact, via inhalation, or via the 
gastrointestinal tract to the stomach, the generation of reliable quantitative 
bioaccessibility data in different synthetic biological media and its relation 
to surface properties and particle interactions is essential. Bioaccessibility 
data is in this context defined as the pool of released metals from a metal 
or alloy that potentially can be available for absorption by an organism. 
The metal release process is governed by a combination of corrosion (elec-
trochemical), dissolution (primarily chemical) and wear processes, and 
its extent depends on a large number of interacting parameters including 
barrier properties and composition of surface oxides, and prevailing envi-
ronmental and exposure conditions.

In addition to information on bioaccessibility, the chemical form of 
released metals and the complexing capacity of the surrounding medium 
are crucial parameters to assess, since they govern the bioavailability of the 
released metals (their possibility to be absorbed to humans through differ-
ent routes).

In order to fulfill the demands of REACH, a large amount of new and 
unique data is hence required to be generated and assessed. It is there-
fore crucial that this generation of data is based on a scientifically sound 
approach that ensures accurate and quantitative research efforts of rele-
vance covering all, or at least most, aspects of potential adverse effects 
on human health and the environment with a minimum dependence on 
in-vivo testing. The generation of a comprehensive picture combining 
bioaccessibility data with surface and particle characteristics of an alloy 
provides an applicable fingerprint of a given material. 

The in-vitro test methodology (sometimes referred to as bio-elusion 
tests) simulating human exposure to particles, developed and elabo-
rated at the Division of Surface and Corrosion Science, Royal Institute 
of Technology KTH, was applied to generate bioaccessibility data for 
particles of ferro-chromium and ferro-silicon-chromium alloys in differ-
ent synthetic test media and time periods simulating an actual human 
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exposure scenario mimicking inhalation and digestion and skin contact.  
Short (from 2 hours) and longer time periods up to 24 days, were inves-
tigated to obtain kinetic information on the metal release process and to 
simulate long term exposure scenarios. Particles of commercially available 
ferro-chromium and ferro-silicon-chromium alloys were prepared in size 
fractions relevant for an inhalation scenario (< 100 µm) or as small as 
possible but still relevant for the real products.

4.3 Products and test iteMs Have to be 
tHorougHly cHaracterized froM a bulk and 
surface PersPective. (PaPers vii, viii)

Except for the prevailing exposure conditions, the metal release process 
including both corrosion-induced metal release as well as chemical dis-
solution, depends on a large number of interacting parameters including 
barrier properties and composition of surface oxides, morphology, size 
and surface area of particles. Information on these and other parameters is 
essential to facilitate the interpretation of bioaccessibility data. 

The specific surface area of alloy particles of ferro-chromium (Charge-
chrome: 54 wt% Cr, 32 wt% Fe) and ferro-silicon-chromium (36 wt% 
Cr, 43 wt% Si) was measured by means of BET (Brunauer Emmet Teller) 
analysis via adsorption of nitrogen at cryogenic condition. Morphology 
investigations using Scanning Electron Microscopy (SEM) provided a 
general picture of particle morphology including shape, surface struc-
ture and size and X-ray photoelectron spectroscopy (XPS) was applied 
to provide compositional and chemical state information of metals and 
metalloids in surface oxides. The full particle size distribution of the ferro-
chromium and ferro-silicon-chromium test materials when dispersed in 
PBS was determined using a laser diffraction technique (LD). The extent 
of metals released upon immersion in the synthetic biological media was 
determined by means of atomic absorption spectroscopy with a graphite 
furnace accessory (GF-AAS) and inductively coupled plasma optical 
emission spectroscopy (ICP-OES).

By combining the information gained from this multi-analytical 
approach, an indirect assessment of the extent of eventual agglomeration 
of particles during immersion in synthetic biological media was made. 
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General information on specific surface areas, particle morphologies and 
size distributions for alloy particles ferro-chromium (top) and ferro-sili-
con-chromium (bottom) is given in figure 4.2.

The nature and stability of surface oxides on particles are essential prop-
erties that govern the metal release process since their presence hinders 
direct contact between the bare non-oxidized metal alloy surface and the 
surrounding medium. The barrier properties of these oxides regulate the 
extent of metal release from the alloy. For corrosion resistant alloys, there 
is usually a critical concentration for the alloying corrosion inhibiting 
element below which the corrosion resistance and in addition, the metal 
release resistance deteriorates significantly. For example if the amount of 
chromium in chromium-containing ferroalloys such as stainless steels is 

Figure 4.2. Information related to specific surface area, morphology and size dis-
tributions in solution for alloy particles of ferro-chromium, fecr (top), and ferro-
silicon-chromium, fesicr (bottom).
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less than 10.5-13 wt%, their high corrosion resistance properties diminish 
and disappear (Chandler et Hudson 1994).

All metal alloy surfaces are naturally oxidized at ambient conditions. 
This means that metal oxides of varying composition, thickness and 
barrier properties (passive properties) spontaneously form on the surface 
of the ferro-chromium and ferro-silicon-chromium alloy particles inves-
tigated. Multi-area compositional analysis by means of XPS of surface 
oxides clearly revealed for both alloys that the relative surface content of 
chromium, iron and silicon (as oxides) was different from their bulk alloy 
relation, figure 4.3.

Surface compositional measurements by means of XPS after immersion 
in the different synthetic media revealed increasing oxide thickness with 
time and changes in relative the proportion of chromium, iron and silicon 
in surface oxides of both alloys. These changes were interpreted as a result 
of the preferential release of iron into solution and as a consequence, the 
enrichment of silica and chromium(III)oxides on the surface of particles. 
These effects are presented in figure 4.4 for particles of ferro-chromium 
and ferro-silicon-chromium alloys.

Neither the relative bulk alloy composition nor the surface composition 
can be used to predict or assess the extent of metals released in different 
synthetic biological media. It is evident that ferro-chromium and ferro-
silicon-chromium alloys cannot be assessed from the behavior of their pure 
metal constituents.

Figure 4.3. relative surface content (wt%) of chromium, iron and silicon for alloy 
particles of ferro-chromium (fecr) and ferro-silicon-chromium (fesicr).
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4.4 bioaccessible data on Main and Minor 
alloy constituents sHould be generated. 
(PaPers vii, viii)

Any supplier or manufacturer of an article (in this case the ferro-chromium 
and ferro-silicon-chromium alloys) which contains a hazardous substance 
(in this case a metal component) at, or above its classification threshold 
value must according to Article 33 in the REACH regulation (European 
Council 2006b) provide sufficient information to allow safe use of the 
article. A screening investigation by means of ICP-OES of in total 32 dif-
ferent elements was conducted to assess if other elements than the main 
constituents iron and chromium were released from alloy particles of ferro-
chromium and ferro-silicon-chromium into the synthetic biological media 
investigated. Bulk metal components of the alloys exceeding 0.1 wt% were 
except for iron and chromium, silicon, nickel and vanadium for the ferro-
silicon-chromium alloy, and silicon for the ferro-silicon-chromium alloy. 
Low concentrations of silicon and no measurable amounts of either nickel 
or vanadium were released from any of the alloys. Nickel compounds are 
placed on the candidate list of substances of very high concern by the 
International Chemical Secretariat (SIN list 2009). Released concentra-
tions of nickel were below the limit of detection, and if recalculated into 
release rates considerably lower compared to the available threshold value 
of 0.5 µg Ni/cm2/week in artificial sweat (EN 1811 1998). However, 
this threshold rate is relevant for skin sensitization and not for inhala-
tion or ingestion. Except for iron and chromium, low concentrations of 
trace constituents of manganese, aluminum, and titanium were released, 

Figure 4.4. Changes in relative surface content (wt%) of chromium, iron and 
silicon for alloy particles of ferro-chromium (fecr) – left, and ferro-silicon-chro-
mium (FeSiCr) – right, immersed during one week in PBS (pH 7.4) and artificial 
lysosomal fluid, ALF (pH 4.5).
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figure 4.5. Their origin could also be from additives during alloy process-
ing. Measured concentrations of magnesium were believed to be related to 
matrix effects or from slag material from the production and not originate 
from the alloy itself. 

Detailed kinetic information was generated on the released amount of 
iron and chromium from ferro-chromium and ferro-silicon-chromium 
alloy particles immersed in the different synthetic biological media investi-
gated. Kinetic results, presented as total average metal release rates per unit 
surface area for ferro-chromium alloy particles in different test media are 
displayed in figure 4.6. Release rates of both iron and chromium were gen-
erally very low. Iron was the preferentially released element in all test media 
for all time periods investigated. Release rates of iron and chromium from 
both ferro-chromium and ferro-silicon-chromium alloy particles decreased 
with time and were after one week of exposure less than 0.004 and 0.01 
µg/cm2/h for chromium and iron, respectively, for the ferro-chromium 
alloy. For the ferro-silicon-chromium alloy, slightly more chromium was 
released compared to iron although 
at very low rates being less than 
0.003 µg/cm2/h for both elements 
after one week of exposure.

Bioaccessibility data expressed 
as the amount of metals released 

Figure 4.5. released trace elements (iron and chromium not included) from ferro-
chromium-FeCr (left) and ferro-silicon-chromium-FeSiCr (right) particles immersed 
for 24 hours in the different test media investigated: phosphate buffered saline 
(PBS, pH 7.4), Gamble’s solution (GMB, pH 7.4), artificial sweat (ASW, pH 6.5), 
artifical lysosomal fluid (ALF, pH 4.5) and artifical gastric fluid (GST, pH 1.5).

Figure 4.6. (next page) 
Average release rates of chromium and 
iron from particles of ferro-chromium and 
ferro-silicon-chromium after immersion 
during 168 hours in the different test 
media investigated. Graphs to the right 
show the initial release rates in more 
detail. the error bars indicate standard 
deviation of triplicate samples.



62

Metal ParticleS – hazard or riSk?



63

an aPPlied aPProach

per amount of particles loaded for alloy particles of ferro-chromium and 
ferro-silicon-chromium are presented in figure 4.7 together with cor-
responding amounts of released metals from particles of pure iron and 
chromium as well as 316L stainless steel (18.5 wt% Cr, 65.5 wt% Fe) 
after one week of immersion in ALF (pH 4.5). As expected, alloy par-

Figure 4.7. Average released amounts of chromium (top) and iron (bottom) 
per amount of particles loaded of ferro-chromium (fecr), ferro-silicon-chromium 
(fesicr), stainless steel (316l) and pure chromium (cr) and pure iron (fe) after 
168 hours of immersion in artifical lysosomal fluid, ALF. The error bars indicate 
standard deviation of triplicate samples.
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ticles of ferro-chromium, ferro-silicon-chromium and stainless steel 316L 
released significantly less iron compared to pure iron as a result of their 
presence of passive surface oxides of superior barrier properties. However, 
slightly more iron was released from particles of both ferro-chromium, 
ferro-silicon-chromium alloys compared to stainless steel, although still 
at very low levels, which reflects the passivating properties of the surface 
oxides. The released amount of iron from particles of the ferro-chromium 
alloy was approximately three times higher compared to the ferro-silicon-
chromium alloy, partially due to a larger surface area for particles of the 
ferro-silicon-chromium alloy. The release of chromium was very low for 
all materials investigated although slightly higher for the ferro-chromium 
alloys compared with stainless steel and pure chromium. Less than 0.15% 
of the amount of particles loaded was released as chromium and less than 
0.13% was released as iron from the different alloys investigated. 

4.5 tHe bioavailable fraction of tHe 
bioaccessible Pool of Metals sHould be 
assessed. (PaPers vii, viii)

Bioaccessibility data provide information about total amounts of metals 
released from an alloy or a pure metal that potentially may be accessible 
for humans (or other organisms). Any adverse health effects induced by 
released metals cannot accurately be assessed without having informa-
tion on their bioavailability, which is determined by the chemical form 
of released metals (metal speciation), and whether any of these metal 
species can be absorbed by humans through the gastrointestinal system, 
the pulmonary system, or the skin. The chemical speciation of released 
metals is strongly correlated to the chemical composition and acidity of 
the surrounding environment (the test medium). The relation between 
bioaccessibility, bioavailability and toxicity is schematically illustrated in 
figure 4.8.

Information of the chemical speciation of released metals is seldom 
available due to its complexity to be analyzed and to low concentrations 
of released metals.

Speciation measurements of chromium released from alloy particles of 
the ferro-chromium alloy, stainless steel 316L and pure chromium were 
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conducted to assess its oxidation state in solution and its potential complex-
ation to inorganic or organic compounds of the synthetic test media inves-
tigated within the study. Concentrations of active (free) chromium(VI), if 
any and total chromium (the difference interpreted as active and inactive 
chromium(III)) were determined by means of voltammetry (differential 
pulse adsorptive cathodic stripping voltammetry, DPAdCSV) after 24 
hours of immersion in GMB, PBS, ALF, and GST, respectively. For media 
of high salt content, this technique is advantageous at low chromium 
concentrations (< 1 µg/L) compared to GF-AAS in terms of accuracy, 
detection limit and the possibility to determine speciation. Chromium 
was released from particles of the ferro-chromium alloy, pure chromium 
and stainless steel 316L as chromium(III) species without any presence of 
active chromium(VI) species for all media investigated. No measurements 
were performed on the ferro-silicon-chromium alloy. However, similar 
results are anticipated. 

Measurements of released concentrations of total chromium by means of 
DPAdCSV and total chromium concentrations (bioaccessible chromium) 

Figure 4.8. schematic illustration of differences in bioaccessibility, bioavailability 
and toxicity.
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measured by means of GF-AAS were consistent and results were reproduc-
ible independent of analysis technique. All synthetic biological media except 
ALF showed a low capacity to form complexes with released chromium as 
a result of their predominance of inorganic salts. ALF, which in addition 
contains large quantities of organic compounds showed a high capacity to 
form strong chromium complexes. The complexing capacity could not be 
defined precisely due to an interfering peak, probably deriving from the 
reduction of pyruvic acid to lactic acid. However, it was clearly concluded 
that active (free) chromium was complexed to a high extent (almost to 
100%) at low (< 2 µg/L) concentrations.

key Messages

Accurate risk assessment of alloys requires scientifically based infor-•	
mation and relation between reliable bioaccessibility data of individual 
alloying constituents, and detailed material characterization both from a 
bulk and a surface perspective.

From a bioaccessibility perspective, alloys cannot be assessed from their •	
pure metal constituents.

Very low amounts of chromium and iron (< 0.15%) released from par-•	
ticles of ferro-chromium and ferro-silicon-chromium alloys in synthetic 
biological media of varying pH and composition.

No release of nickel and vanadium from particles of ferro-chromium •	
and ferro-silicon-chromium alloys was detected.

Chromium was released as chromium(III) from both alloys in all media •	
investigated. Organic species in the ALF media (pH 4.5) formed strong 
complexes with active chromium, hence reducing its bioavailability.
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