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Abstract 
 

Triggered by the regulatory need of the industry to demonstrate safe use of their alloy 
products from an environmental and health perspective, and by the significant lack of 
metal release data and its correlation to material and surface characteristics for iron- 
and chromium-based alloys, a highly interdisciplinary in-depth research effort was 
undertaken to assess the relation between material/surface characteristics and toxicity 
with main emphasis on stainless steel alloys. This thesis focuses predominantly on 
studies made on AISI 316L both as massive sheet and as powder particles, but 
includes also results for other stainless steel grades and reference metals and metal 
oxides.  
 

The work comprises multi-analytical bulk and surface characterizations combined 
with particle characterizations and corrosion investigations, all correlated with in-
depth kinetic metal release (bioaccessibility) studies as a function of route of 
manufacture, powder particle characteristics, surface finish, stainless steel grade, 
solution composition, pH, acidity and complexation capacity, as well as the presence 
of proteins. Speciation (chemical form) measurements were in addition conducted of 
released chromium, and of metal species in the surface oxide. Protein interactions 
were investigated in terms of adsorption, protein-metal complexation both at the 
surface and in solution, and the relative strength of protein-stainless steel surface 
interaction was addressed. In vitro and in vivo toxicological studies were conducted 
for the same inert-gas-atomized 316L powder sized < 4µm.  
 

Bulk and surface oxide properties, such as phase, structure, morphology, chemical 
and electrochemical stability, protein-surface interactions, bioavailability of released 
metals, were all clearly evident to largely influence the metal release process and any 
induced toxicity. The route of manufacture was shown to strongly influence the bulk 
and surface oxide characteristics of stainless steel powders, hence also their 
electrochemical and catalytic properties, as well as the release/dissolution of metals 
from the powders (Papers VIII, XIII, XIV-XVII). The release of metals from both 
stainless steel sheets and powders was in general low compared to pure iron or nickel 
metal, and highly dependent on bulk and surface characteristics, the composition, 
complexation capacity and buffering capacity (and pH) of the solution, as well as on 
many experimental factors including time and sonication (Papers VI, VIII, XI, and 
XVII).  
 

Surface-protein interactions strongly enhanced the release of alloy constituents 
(Papers IX, XI, and XVII). Iron was preferentially released (manganese in the case of 
inert-gas-atomized stainless steel powders) (Papers VIII, XI, and XVII). Protein-
stainless steel surface interactions were most probably governed by chemisorption at 
given experimental conditions (Papers XI-XII). A strong protein-adsorption was 
evident for all stainless steel surfaces investigated, independent of protein charge, 
size or structure (Paper IX). Protein-metal complexes were formed both at the surface 
and in solution (Papers X-XII). Differences in protein charge and type resulted in 
varying degrees of interaction with differences in the extent of enhanced metal 
release as a consequence (Papers XI-XII). The inert-gas-atomized stainless steel 
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powder sized <4 µm induced neither any significant increase of lysis of erythrocytes 
(rupture of red blood cells) nor any cytotoxicity, but resulted in a slight DNA damage 
in in vitro toxicity measurements (Paper VI). No adverse effects were however 
observed in an in vivo 28-day repeated-dose inhalation study on rats using the same 
powder (Paper VII).  
 

The most important bulk, surface, particle, and experimental factors governing the 
bioaccessibility properties of stainless steel were identified and mechanistically 
elucidated. Detailed knowledge of all factors is essential for accurate hazard or risk 
assessment of metal alloys and enables read-across possibilities with materials of the 
same or similar characteristics. However, in cases where data is different from 
known systems for one factor or more, bioaccessibility data should be generated 
before any risk assessment is made. 
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Populärvetenskaplig sammanfattning 
 

EU’s nya kemikalielagstiftning (REACH) lägger ansvaret på användare och 
producenter av kemikalier (inklusive metaller och legeringar) att demonstrera att 
deras produkter är säkra ur ett miljö- och hälsoperspektiv. Avsaknad av data innebär 
en förlorad marknad. En stor kunskapslucka identifierades i början av 1990-talet 
gällande spridning av metaller och dess eventuella negativa effekter för bl.a. järn- 
och krom-baserade legeringar. Eftersom legeringar enligt lagstiftningen behandlas 
som kemiska blandsubstanser av ingående rena metaller utan att ta hänsyn att 
legeringar har helt andra egenskaper än dess rena komponenter, var behovet att ta 
fram oberoende metallfrigörningsdata mycket stort. Rostfritt stål, främst 316L, har 
huvudfokus i denna avhandling, en stålsort som bland annat används som biomaterial 
i t.ex. implantat. Studierna har omfattat både massiva ytor och rostfria stålpulver med 
partikelstorlekar vilka är tillräckligt små för att kunna andas in eller kunna komma 
kontakt med huden. Eftersom de flesta toxicitetstester görs på pulver jämfördes 
egenskaperna hos pulverpartiklar och massiva ytor av rostfritt stål ur metallfrigörelse 
och ytperspektiv. En central del i avhandlingen utgör ingående partikel-, material- 
och ytkarakteriseringar av de studerade legeringarna. Denna kunskap har korrelerats 
med tidsberoende metallfrigörningsstudier (biotillgänglighetsstudier) för att belysa 
effekten av ytegenskaper, mikrostrukturer, framställningsprocessen av pulver, 
lösningens egenskaper och närvaron av proteiner. Studier genomfördes också för att 
bestämma om krom frigörs som trevärd, sexvärd, eller starkt komplexerat krom från 
rostfritt stål i kontakt med biologiska vätskor. Proteiners växelverkan med rostfritt 
stål undersöktes genom ingående adsorptionsstudier och ytanalyser som funktion av 
olika ytbehandlingar (temperatur- och tensid-behandling). Dessutom undersöktes den 
toxiska effekten av de rostfria stålpartiklarna in vitro (utan djurförsök) och in vivo 
(med råttor) med fokus på eventuella inandningseffekter. Det visade sig att både 
material- och ytegenskaper (bl.a. fas, struktur, kemisk och elektrokemisk stabilitet) 
starkt påverkar metallfrigörningen, proteinväxelverkan, biotillgängligheten och 
toxiciteten. Framställningsmetoden av partiklarna (gas- eller vattenatomisering) var 
av avgörande betydelse för dess material- och ytoxidsegenskaper.  
Frigörelsen av metaller från rostfritt stål är dock allmänt väldigt låg jämfört med t.ex. 
rena järn- eller nickelmetaller. Omfattningen beror på en rad olika faktorer som 
material- och ytegenskaper, vätskans egenskaper och rådande experimentella 
förutsättningar. Järn frigjordes generellt i högre omfattning jämfört med övriga 
legeringselement. Endast mangan frigjordes i större omfattning än järn för de gas-
atomiserade pulvren. Närvaron av proteiner ökade generellt frigörningen av metaller, 
en effekt som beror på proteinernas komplexering med ytan och i lösning, samt att 
proteiner kan attrahera korrosiva joner från lösningen till ytan. De minsta rostfria 
stålpartiklarna inducerade ingen membranskada eller celldöd, dock observerades viss 
DNA-skada. Inga negativa toxiska effekter kunde dock upptäckas i en 28 dagar lång 
inandningsstudie av samma pulver på råttor.  
Viktiga material-, yt-, partikel- och experimentella faktorer har identifierats och 
diskuteras ur ett riskbedömningsperspektiv. Kunskapen om alla dessa faktorer 
möjliggör förutsättningar för riskbedömningar helt utan djurförsök. I avsaknad av 



VI 
 

kunskap om någon av dessa faktorer rekommenderas åtminstone att 
metallfrigörningsstudier genomförs för att kunna bedöma om dessa system skiljer sig 
från kända material och andra system. 
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Populärwissenschaftliche Zusammenfassung 
 

Die sichere Nutzung ihrer Produkte für Umwelt und Gesundheit zu beweisen schreibt 
die EU seit ein paar Jahren allen Importeuren und Exporteuren sowie der 
Metallindustrie vor. Für Eisen- und Chrom-basierte Werkstoffe gab es kaum Daten, 
weswegen die Metallfreisetzung und Toxizität einer Reihe solcher Legierungen 
untersucht wurde. Diese Dissertation befasst sich hauptsächlich mit der rostfreien 
Stahlgüte AISI 316L, die auch als Biomaterial (z.B. in Implantaten) verwendet wird. 
Massives Blech wurde mit Pulvern verglichen, die inhalierbar sind und oft als 
Testmaterialien in Standardtests verwendet werden. Ein wichtiger Teil der Arbeit war 
die Partikel-, Material- und Oberflächencharakterisierung. Diese wurde mit 
Metallfreisetzungsstudien (Bioverfügbarkeit) korreliert, in denen die Einflüsse von 
Oberflächeneigenschaften, der Mikrostruktur, der Pulverherstellung, der Lösung und 
der Proteine untersucht wurden. Außerdem wurde untersucht, ob Chrom als 
dreiwertiges, sechswertiges, oder stark gebundenes Chrom freigesetzt wurde. 
Proteinwechselwirkungen mit der Stahloberfläche wurden mit Hilfe von 
Adsorptionsstudien und Oberflächenanalysen in Abhängigkeit von verschiedenen 
Behandlungen untersucht. Die in vitro (ohne Tierversuche)- und in vivo (mit Ratten)-
Toxizität mit Fokus auf kleine inhalierbare rostfreie Stahlpartikel wurde außerdem 
untersucht.  
Es wurde gezeigt, dass sowohl Material- als auch Oberflächeneigenschaften (z.B. 
Phasen, Kristallstruktur, chemische und elektrochemische Stabilität) die 
Metallfreisetzung, Proteinwechselwirkung, Bioverfügbarkeit und Toxizität stark 
beeinflussen. Das Verfahren der Pulverherstellung beeinflusste außerdem die 
Material- und Oberflächeneigenschaften stark. Die Metallfreisetzung von rostfreiem 
Stahl ist im Allgemeinen relativ niedrig verglichen mit reinem Eisen oder Nickel. Sie 
hängt aber stark von einigen Faktoren ab, z.B. den Material- und 
Oberflächeneigenschaften, der Lösung und experimentellen Kennwerten. Eisen (und 
Mangan im Falle des Gas-atomisierten Pulvers) wurde vorzugsweise freigesetzt. 
Bestimmte Proteine erhöhten die Metallfreisetzung stark, verursacht durch 
Komplexierung in Lösung und mit der Oberfläche. Außerdem können Proteine 
aggressive Ionen aus der Lösung anziehen und dadurch die Metallfreisetzung 
erhöhen. Kleine rostfreie Stahlpartikel verursachten weder Membranschädigung noch 
Zelltod, allerdings DNA-Schäden. Kein toxischer Effekt konnte in der Rattenstudie 
festgestellt werden.  
In dieser Arbeit wurden einige Material-, Oberflächen-, Partikel- und experimentelle 
Kennwerte vorgeschlagen, die für Risikoeinschätzungen wichtig sind. Wenn alle 
diese bekannt sind, kann es möglich sein, die Risikoeinschätzungen von Materialien 
ganz ohne Tierversuche durchzuführen. Es wird empfohlen, zumindest 
Metallfreisetzungstests vorzunehmen, wenn sich mindestens einer dieser Faktoren 
von denen der bekannten Systeme unterscheidet. 
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Preface 
I consider this thesis as the second part of my doctoral studies in which I compile 
research findings in 12 scientific papers (VI-XVII) all with the main aim and focus to 
assess the relation between material characteristics, surface chemistry and toxicity on 
stainless steel. The first 6 papers (I-VI) were already summarized in the licentiate 
thesis1 where the importance of chemical speciation investigations within the field of 
environmental and health aspects of corrosion was highlighted. It should be 
underlined that the information and papers discussed in the licentiate thesis are not 
included in the doctoral thesis. Other papers (XVIII-XXII) were excluded from this 
thesis, since they were not focused on stainless steel. 
 
While the licentiate thesis and the other scientific papers comprise data of importance 
for the assessment of any environmental or health risks for certain materials, the 
papers included in this thesis form part of a more fundamental approach that was 
inspired by, but independent of, any needs or requests from the industry or regulatory 
authorities. The ultimate goal was to obtain an in-depth understanding of the 
material-toxicological interface, an effort which requires collaborative actions and 
insights in many different disciplines including materials science (microstructure and 
processing), corrosion science, surface and water chemistry, toxicology, and risk 
assessment. This work was therefore done in close collaboration with toxicologists, 
material and corrosion scientists, physicists, surface scientists and analytical 
chemists. All in all, scientists in five different countries have contributed to the work. 
 
This thesis is written as a short overarching summary that resembles a review article, 
and differs therefore from more traditionally written academic theses. The main 
driving force for this approach was the broad readership from many different 
disciplines and the ambition to make this thesis accessible to a larger audience also 
including regulators and industrial managers. Detailed information is given in the 
referred papers. 
 
It should be pointed out that some sections of this summary may be obvious to 
scientists of a given background, while other will be more difficult to understand. 
This is due to the highly interdisciplinary nature of this thesis. As an example, the 
fact that metal alloys cannot be treated as their pure metal constituents or as a soluble 
metal salt is evident for a material scientist or chemist, however not always obvious 
for biologists or toxicologists, and definitely not for people working in regulation and 
legislation. 
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List of Abbreviations 
 

AES Auger electron spectroscopy 
AFM Atomic force microscopy 
AISI American iron and steel institute 
ALF Artificial lysosomal fluid 
BET Brunauer Emmet Teller 
BSA Bovine serum albumin 
BSM Bovine submaxillary gland mucin 
Cr chromium 
CRM Confocal Raman microspectroscopy 
CV Cyclic voltammetry 
DNA Deoxyribonucleic acid 
DPAdCSV Differential pulse adsorptive cathodic stripping voltammetry 
DTPA Diethylenetriaminepentaacetate 
EBSD Electron backscatter diffraction 
EDS Energy dispersive spectroscopy 
EELS Electron energy loss spectroscopy 
Fe iron 
GA Gas-atomized 
(GF-)AAS (Graphite Furnace -) Atomic absorption spectroscopy 
HMDE Hanging mercury drop electrode 
HSA Human serum albumin 
LALLS Low angle laser light scattering 
LSZ Lysozyme 

MALDI-TOF-MS 
Matrix assisted laser desorption / ionization – time of flight – 
mass spectroscopy 

Mn manganese 
Mo molybdenum 
Ni nickel 
OCP Open-circuit potential 
OM Optical microscopy 
PBS Phosphate buffered saline 
PCA Principal component analysis 
PIGE Paraffin impregnated graphite electrode 
QCM-D Quartz crystal microbalance - dissipation 
ROS Reactive oxygen species 
SEM Scanning electron microscopy 
SDS Sodium dodecyl sulfate 
Si silicon 
TEM Transmission electron microscopy 
TOF-SIMS Time-of-flight secondary ion mass spectrometry 
WA Water-atomized 
XPS X-ray photoelectron spectroscopy 
ZP Zeta potential 
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Motivation 
 

Industries that place products on the market are required to demonstrate them safe for 
all intended uses, and that any risks to humans, animals or the environment are 
adequately controlled. The Globally Harmonized System for Classification and 
Labelling of Chemicals (GHS)2 considers metal alloys, such as stainless steel, as 
mixtures of substances. The same interpretation is applied under the European 
Chemicals Regulation (REACH)3 and the Classification, Labelling and Packaging 
Regulation (CLP) related to it.4 Chemical and material characteristics that might be 
obvious for chemists and material scientists, e.g. that alloys behave different 
compared with their corresponding pure metals, or that surface properties are 
important for the bioaccessibility of substances, are not considered in the current 
regulations and standard tests for bioaccessibility tests of substances. This was of 
special importance for austenitic stainless steel (containing about 10% of nickel), 
which is widely used but for which bioaccessibility data was lacking. A reliable and 
reproducible in vitro testing methodology was designed triggered by the lack of data 
on stainless steel toxicity and metal release,5 the needs of the industry to demonstrate 
the safe use of stainless steels and alloys, and the need of minimizing animal testing. 
This methodology quantitatively assessed the release of metals (Cr, Fe, Ni, Mo, Mn) 
from a range of massive forms (sheets) of stainless steel grades, screening different 
ferritic, austenitic and duplex microstructures.1, 6-8 The methodology was later 
applied to stainless steel powder particles9-12, other alloys9-10 and metal compounds. 
Most recognized standard in vitro tests are based on studies of powders instead of 
massive surfaces, assuming the powder shape to mimic the behavior of massive 
sheet.13-14 Except for the fact that the production route of metal powders is very 
different, with variations in surface characteristics as a consequence, the generation 
of powders from massive sheet may furthermore not be representative for their 
intended use and also change the material/surface characteristics. Reproducible 
surfaces of powder particles are difficult to accomplish since they cannot be easily 
polished or prepared. 
The main objective of this thesis was to correlate material and surface properties with 
metal release (including speciation information) and toxicity. This was accomplished 
by performing thorough multi-analytical bulk and surface characterization prior to 
and after any exposure, mechanistic metal release and speciation studies, surface-
protein interaction studies, and in vitro and in vivo toxicity studies. The main 
motivations were to avoid animal testing, make read-across of data possible 
(extrapolation from one system to another) and enable a more accurate hazard and 
risk assessment of alloy materials. 
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Experimental 

Materials 
 

Different stainless steel grades, both as powder particles and massive sheets, were 
investigated together with their corresponding pure metals and/or oxides. Main focus 
was placed on stainless steel grade AISI 316L, selected from a previous screening 
effort of different stainless steel grades7 and size-dependent findings of the metal 
release behavior of gas-atomized 316L powder particles in different biological 
solutions15. Inert-gas-atomized micron-sized 316L particles, sized <45 µm and <4 
µm, were investigated in Papers VI, VII (only <4 µm), VIII, XIII, XIV, XV, XVI 
(only <45 µm), and XVII. The behavior of the powder particles was compared with 
massive sheets of 316L (Papers IX, XI-XIII, XV-XVII) and water-atomized powder 
of 316L (Papers XIV-XVI). In addition, further comparison was made with other 
stainless steel grades both in massive form (Papers IX, XI, and XVII) and as powders 
(Paper XVII), with differently sized ferrochromium and ferrosiliconchromium alloy 
powders and their dust powders (Paper VI), to Cr metal massive surfaces (Paper IX) 
and powder (Papers VI-VII, and IX), iron metal massive sheets (Paper XI) and 
powder (Papers VI-VII), Ni metal powder (Papers VI-VII), and with powders of Cr 
and Mn oxides (Papers VI-VII). 
Previous and comparable metal release investigations on massive Ni metal16, Ni and 
Ni oxide powders17-18, iron oxides9, 13, ferrochromium and ferrosiliconchromium 
powders9-10, as well as other studies on massive stainless steel grades7, 16, 19-23 and 
gas-atomized 316L powders12 are reported in the literature.  
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Summary of used techniques 
 

Detailed information on all equipment, cleaning procedures, and exposure conditions 
and instruments (incubators, centrifuges etc.) is given in the respective papers. 
In Table 1, all employed techniques are compiled together with their abbreviations. 
Detailed experimental information is given in the respective papers. It should be 
underlined that many techniques have been used in close collaboration with different 
colleagues, as indicated in the last column of the table and in the paragraph on 
“Authors contribution”.  
 
Table 1: Summary of techniques used within the doctoral thesis. The initials of the 
operators are given when co-authors of the referred papers. 
 

Field 
Abbre- 
viation 

Name 
Used in 
Papers 

Measured by 

Metal 
analysis 
(in 
solution) / 
chemical 
speciation 

DPAdCSV 
Differential pulse 
adsorptive cathodic 
stripping voltammetry 

Papers VI-
VIII, X 

YH 

(GF-)AAS 
(Graphite Furnace -) 
Atomic absorption 
spectroscopy 

Papers VI-
IX, XI, 
XVII 

YH, ML, XW, 
NM, Maria-
Elisa Karlsson, 
Gunilla 
Herting 

MALDI-
TOF-MS 

Matrix assisted laser 
Desorption / ionization – 
time of flight – mass 
spectroscopy 

Paper X JJ 

Surface 
and bulk 
analysis 
 

XPS 
X-ray photoelectron 
spectroscopy 

Papers VI-
IX, XI-
XII, XIV-
XVII 

IOW, Ulrike 
Marten-Jahns 

TOF-SIMS 
Time-of-flight secondary 
ion mass spectrometry 

Paper XII MSK 

PCA 
Principal component 
analysis 

Paper XII YH 

SEM/EDS 
Scanning electron 
microscopy / energy 
dispersive spectroscopy 

Papers VI-
VII, XIII-
XVII 

YH, OK, 
Johannes 
Brunner 

OM Optical microscopy 
Papers 
XIII, XVI 

YH, PS 

TEM 
Transmission electron 
microscopy 

Paper XV HB 

AES 
Auger electron 
spectroscopy 

Papers 
XIV-XV 

MN 
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Surface 
and bulk 
analysis 

AFM Atomic force microscopy Paper IX ET 

EBSD 
Electron backscatter 
diffraction 

Paper XIII OK 

EELS 
Electron energy loss 
spectroscopy 

Paper XV HB 

CRM 
Confocal Raman 
microspectroscopy 

Papers 
VII-IX, 
XIV 

JH, YH 

OCP Open-circuit potential 
Papers 
VIII, XI, 
XV-XVI 

YH, XW, JH, 
Dagny 
Ullmann, 
Maria-Elisa 
Karlsson 

- Polarization resistance Paper XI XW, JH, YH 

- 

 
Potentiodynamic 
polarization 

 
Potentiodynamic 
polarization using a 
microcapillary 

Papers 
XV-XVI 
 
 
XVI 

YH, Maria-
Elisa Karlsson, 
Claudio 
Baldizzone 
YH 

Particle 
specific 
characteri-
zation 

CV Cyclic voltammetry 
Papers 
XIV-XV 

YH, PL, 
Maria-Elisa 
Karlsson 

QCM-D 
Quartz crystal 
microbalance - 
dissipation 

Papers IX, 
XI 

ML 

ZP 
Zeta potential 
measurement 

Paper XI ML 

LALLS 
Low angle laser light 
scattering 

Papers VI-
VII, XV, 
XVII 

YH, NM 

BET 
Brunauer Emmet Teller 
method 

Paper VI-
VIII, IX, 
XIII-XVII 

Michael 
Lundberg 
(Sandvik AB) 

Toxico-
logical 
tests 

Cytotoxi-
city assay 

Analysis of cell death Paper VI JG 

Comet assay 
Analysis of DNA 
damage 

Paper VI JG 

Hemolysis 
assay 

Analysis of lysis of 
erythrocytes 

Paper VI JG 

- In vivo inhalation study Paper VII NKD, DRG 
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Solution metal analysis and speciation 
 

Quantification of the amount and speciation (chemical form) of released metals from 
different stainless steel sheets or powders exposed to biological fluids were of very 
high priority in this work. These parameters were correlated to material and surface 
properties, interfacial (between the material surface and proteins or solution) 
processes, and/or any induced toxicity. However, accurate measurements require that 
many factors are considered and a mechanistic understanding is a prerequisite for any 
estimation.  
The exposure procedure and solution sample preparation is crucial to avoid any 
unnecessary contamination or artifacts prior to any solution analysis. This was 
discussed in detail in the licentiate thesis1 and in Papers III and XVIII. 
 
Atomic absorption spectroscopy (AAS) measurements enable the determination of 
the total amount of dissolved/released metal in solution of one element at a time and 
measurements with the lowest limit of detection of typically 1 µg/L using the 
graphite furnace mode. These measurements may not reflect the total amount of 
metal released since they only enable the determination of the amount of dissolved 
metal in solution after exposure without being able to determine precipitated metals 
(on the metal sample surface). The metal release from stainless steel can be defined 
as: 
 

metal	release
total	dissolved	metal	in	solution	 AAS precipitated	and	adsorbed	metal
blank	concentration	 contamination	and	matrix	effects 						 1  

 

The amount of released metals that forms precipitates strongly depends on the 
solution pH, the ionic strength and on the water chemistry of the specific metal ionic 
species, and is hence difficult to estimate experimentally. In the case of an adsorbed 
protein or biofilm layer, released metals can form complexes with, or be attracted 
within the layer and hence not be measured in solution after metal (massive or 
powder sample)-solution separation. The blank concentration, i.e. the concentration 
of an exposed solution without any metal sample exposed in parallel, should always 
be measured and subtracted from the measured sample concentration in order to 
account for any possible contamination (an effect that can be minimized by clean lab 
conditions, thorough cleaning procedures, and by using ultra-pure chemicals) and for 
matrix effects (interferences induced by some solution constituents upon atomic 
absorption spectroscopy measurements). 
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Figure 1 illustrates the complexity of metal release, precipitation and adsorption 
processes. Metal (Me) can be released via many pathways, i.e. bulk corrosion 
(enabled by surface oxide defects), chemical or electrochemical dissolution of the 
surface oxide, complexation of surface metal atoms by ligands (L), such as 
complexing agents (e.g., citric acid) or proteins, and subsequent detachment of any 
metal complexes into the bulk solution. Within the bulk solution, any free or weakly 
complexed metal ions can complex to any free ligands and in some cases (often time-
dependent) precipitate as solid complexes, e.g. iron phosphates or carbonates. In 
special cases, precipitation is the dominant process as illustrated for released Fe into 
surface water solutions of pH 6 and 8 and different salt concentration in the licentiate 
thesis1 and in Paper III. 
 
Stripping voltammetry, i.e. differential pulse adsorptive cathodic stripping 
voltammetry (DPAdCSV), was employed to assess the oxidation state of Cr in 
solution and to assess its extent of complexation to different complexing media. 
Compared to AAS, DPAdCSV is more time-consuming and experimentally 
challenging, but provides important additional information. All adsorptive stripping 
voltammetry methods are based on a helping agent, commonly a complexing agent 
that reacts with the metal of interest in a specific way and, as a complex, is 
electrochemically active. This requires specific sample preparations, however not 
necessary in the case of, e.g., anodic stripping voltammetry of copper that directly 
reacts with the mercury drop electrode, as employed in Papers I and XVIII. The 
DPAdCSV method for Cr, used in this thesis, was based on the time-dependent 
reaction of Cr(VI) or Cr(III) with DTPA (diethylene triamine pentaacetate) and the 
presence of the oxidizing agent nitrate. Cr stripping voltammetry methods using 
DTPA and nitrate were reviewed24 and the electrode reactions explained in detail25. 
A sample that is non-acidified, non-treated, and measured immediately after 

Figure 1. Schematic overview over metal release, precipitation and adsorption processes.  
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sampling or after freezing and that contains complexing agents and/or free amounts 
of Cr(VI) and/or Cr(III) is analyzed with the help of a time-dependent reaction with 
DTPA at a constant pH of 6.2 ± 0.1. Only at that pH the important electroactive 
species [Cr-DTPA-H2]

- can form at -1.22 V vs. Ag/AgCl.24, 26  
Free Cr(III) ions complex initially to DTPA as a 1:1 complex which is 
electrochemically active but does not adsorb to a large extent at the electrode 
surface.25 After approximately 30 min24, 27, it reacts further to a 1:2 complex 
(Cr:DTPA) which is electrochemically inactive due to a sterical shielding of the 
Cr(III) ion.25  
Any free Cr(VI) ions present in the sample, in contrast, are in the form of negatively 
charged chromate ([CrO4]

2-) and does not form any complexes with the negatively 
charged H3DTPA2- or H2DTPA3- species. During the measurement Cr(VI) reacts as 
follows25: 
 

CrO

.
Cr III ∗ 	 Cr H O HDTPA

	

. 			

		 CrH DTPA 									 2  
 

The distinction between Cr(III) and Cr(VI) in solution was assessed in Papers II-VI 
and VIII.9-10, 13, 28 
 
Analyses of any free Cr(III) or Cr(VI) ions require the comparison with reference 
measurements of the total amount of dissolved/released Cr in solution using the same 
method. An UV digestion method using H2O2 as oxidizing agent at approx. 90°C was 
employed in order to remove organic complexing matter and oxidize all Cr to Cr(VI) 
for measurements of the total concentration of Cr in solution, (Papers II-VI and 
VIII).9-10, 13, 28 
 
Quantitative complexation measurements of Cr to complexing agents or proteins can 
be performed by either adding a known concentration of Cr(VI) to a medium of 
strong complexation capacity or by adding a known concentration of a complexing 
agent to a solution that initially contains a given Cr(VI) concentration. Since the 
latter method, as for example performed for complexation studies of a hexapeptide 
on zinc, lead, and cadmium surfaces,29 can only be used if the adsorption of the 
complexing agents on the electrode is either known or negligible, it was not 
employed within the framework of this thesis. In the licentiate thesis and in Papers I-
VI, complexation studies to copper and Cr in natural rain water samples28, 30, 
synthetic fresh water13, and different synthetic body fluids9-10, 31 were conducted and 
discussed. Complexation studies for Cr and different complexing agents such as 
citric acid were performed and compiled in Paper VIII32. Protein-Cr complexation 
and protein adsorption on the hanging mercury drop electrode (HMDE) were 
investigated in detail in Paper X33. In that paper, DPAdCSV was complemented by 
matrix assisted laser desorption / ionization – time of flight – mass spectroscopy 
(MALDI-TOF-MS) to obtain additional information on the nature and quantity of the 
Cr-protein interaction. 
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Analytical techniques employed to study bulk material, 
surface oxides and interfaces 
 

The surface morphology was investigated by optical microscopy (OM, Paper XVI), 
scanning electron microscopy (SEM) (Papers VI-VII and XIII-XVI), and 
transmission electron microscopy (TEM) (Paper XV). The main objective was to 
scrutinize changes in morphology of surface features upon corrosion (Paper XVI), 
particle characteristics such as shape, size, size distribution, and agglomeration 
(Papers VI-VII, XIII and XV-XVI), and estimate particle surface oxide thickness and 
homogeneity (Paper XV). 
 
The crystallographic structure, laterally resolved, was investigated for differently 
sized inert-gas-atomized 316L powder particles and massive 316L sheets by means 
of electron backscatter diffraction (EBSD) (Paper XIII) and by means of electron 
energy loss spectroscopy (EELS) for the surface oxide (Paper XV). Information on 
grain orientations and sizes, phases, and grain boundaries was also obtained. 
 
The bulk composition and its distribution among different powder particles was 
investigated by means of energy dispersive spectroscopy (EDS), when coupled with 
SEM, TEM, and in some cases EBSD, and to some extent (near surface bulk 
composition adjacent the oxide layer) by X-ray photoelectron spectroscopy (XPS) 
and time-of-flight secondary ion mass spectrometry (TOF-SIMS) (Papers XII-XVI). 
 
The elemental and chemical composition of the surface oxide were investigated by 
means of XPS, confocal Raman microscopy (CRM), Auger electron spectroscopy 
(AES), TEM coupled with EDS and EELS, cyclic voltammetry (CV), and to some 
extent TOF-SIMS (Papers VI-IX, XI-XII, and XIV-XVII). Special focus within the 
framework of this thesis was placed on the characterization of surface oxides of 
differently produced and sized stainless steel powder particles, in comparison to 
massive stainless steel. The powder particles were examined in their as-received 
conditions, in contrast to the massive sheets, which were prepared to achieve defined 
surface conditions. The surface oxide was characterized prior to any exposure, but 
also after certain time periods of exposure in order to obtain additional information 
on effects of surface reactions and metal release mechanisms on the surface oxide 
characteristics (Papers VIII, XI-XII, and XVII). 
 
Particle characteristics such as specific surface area, particle size distribution in 
solution, zeta potential and apparent surface potential were investigated by means of 
the Brunauer Emmet Teller method (BET), low angle laser light scattering (LALLS), 
laser doppler microelectrophoresis, and atomic force microscopy (AFM), 
respectively (Papers VI-IX, XIV-XV, and XVII). 
 
The adsorption of proteins, the interface between proteins and surface oxide, and any 
conformation of adsorbed proteins were characterized by means of XPS, TOF-SIMS 
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(using principal component analysis, PCA), and quartz-crystal microbalance with 
dissipation mode (QCM-D) (Papers IX, XI-XII, and XVII). 

Electrochemical techniques for corrosion and surface 
compositional studies 
 

In order to gain information on passive and corrosion properties as well as the 
surface composition of micron-sized powder particles and massive sheets, several 
electrochemical techniques were employed and elaborated. In the case of powder 
particle electrochemistry, conventional techniques are difficult to apply. Therefore, 
adjustments and elaborations of the experimental set-up were necessary. 
Electrochemical studies on non-polished powder particles were performed by using 
two set-ups where powder particles were immobilized at i) a paraffin impregnated 
graphite electrode (PIGE) and ii) a carbon paste electrode (CPE) (Papers XIV-XVI). 
In both cases, the exact surface area of the investigated particles is un-known and 
exact current densities are hence impossible to calculate. Both set-ups were used for 
open-circuit potential measurements (generally independent of surface area) in 
different solutions and for varying time periods, for potentiodynamic anodic 
polarization studies to qualitative assess information on passive and corrosion 
properties of the powder particles, and for the cyclic voltammetry (CV) 
measurements in a strongly alkaline buffered solution to assess information on 
surface oxide composition and speciation (Paper XIV-XV).  
 
In addition, the passive properties of individual particles were investigated of both 
polished (embedded) and non-polished (immobilized on the PIGE) particles by using 
a microcapillary system (capillary diameter of 160 µm) and compared with parallel 
findings for massive sheet using the same technique (Paper XVI). Potentiodynamic 
polarization measurements were conducted on a defined area, imaged by means of 
OM and SEM/EDS prior to and after the electrochemical measurement. 
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Summary and discussion of Papers VI-XVII 

Overview 
A highly interdisciplinary approach was necessary to fulfill the main objective of this 
doctoral thesis, i.e. to correlate material and surface properties with toxic responses 
of alloys as powders or massive sheets. The research approach is summarized in 
Figure 2. The major part of the included papers focused on surface and particle 
characterization, metallurgy and corrosion, protein interaction, and metal release 
(bioaccessibility/bioelution), through in-depth investigations of massive sheets and 
powders of primarily stainless steel grade AISI 316L. Generated data is correlated 
with in vitro and in vivo toxicity studies with an inhalation perspective, and enabled 
risk assessment of toxicity based on metal release (bioaccessibility) and bulk and 
surface characteristics. The toxicity investigations were conducted using different 
particle concentrations (in vivo, Paper VII) and particle sizes (in vitro, Paper VI), 
with main focus on inhalation and one stainless steel grade only, an inert-gas-
atomized stainless steel powder (316L). In contrast, the characterization, corrosion 

and metal release studies included also aspects of different stainless steel grades, 
routes of manufacture, different end-points (e.g., dermal contact9), and many 
fundamental chemical and surface chemical investigations to assess possible 
mechanisms. This approach was the reverse of many toxicological investigations 
where toxicity is investigated for a large number of different particle/powder 
materials, with minor focus on their material and surface characterization. In the case 

Figure 2. Overview on scientific fields of the different papers, referred to 
as roman numbers. 

in vitro (VI)

in vivo (VII)

Toxicity

Protein
interaction

Surface and particle
characteristics

Metallurgy and
corrosion

Metal release
Men+

Men+VI, VII, VIII,
IX, XI, XVII

IX, X, XI,
XII, XVII

XIII

XIV, XV, XVI

VI, VII, VIII, IX, XI, XII,
XIII, XIV, XV, XVI, XVII

Risk
assessment
VI, VII, XVII
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of metals, metal oxides, or alloy powders, relevant characterization or even grade 
information (for alloys) are often missing in toxicological publications. Since 
interdisciplinary activities including material and surface characteristics recently 
been stated decisive when addressing toxicological effects,34-35 particle 
characterization in terms of size, size distribution, and/or zeta potential has become 
more commonly performed in the toxicological literature. However, essential 
quantitative and/or qualitative information on surface characteristics is still very 
seldom reported. There is definitely a need to fill this knowledge gaps with accurate 
information, since an in-depth surface characterization is crucial to accurately 
interpret any toxic responses, as clearly elucidated within this thesis. 
 

Characterization of bulk metal and surface oxides of 
powders compared with massive sheets – effects of 
stainless steel grade, route of manufacture, and changes 
upon exposure (Papers VIII and XI-XVII) 
 

The characterization of surface and bulk properties of powder particles is not 
straight-forward, as often different sample preparations or methods need to be 
applied compared with studies on massive sheet. The development of new 
preparation procedures, adjusted methods and extensive collaboration with specialists 
made it possible to use a multi-analytical approach for the bulk and surface oxide 
characterization of the stainless steel powders.  
 
Main focus was placed on differently sized inert-gas-atomized 316L powders, 
compared with water-atomized powders and massive sheets of 316L (Papers VIII, IX 
and XI-XVII), summarized schematically in Fig. 3. Many observations are in 
agreement with literature findings, e.g. the strong enrichment of Mn (gas-atomized 
powders)36-38 or Si (water-atomized powders)39-40 in the surface oxide of the powders 
(papers XIV-XV), or the ferritic metastable bulk structure of the smallest particles 
due to a very fast cooling rate during manufacture41-44 (Paper XIII). The known 
presence of surface oxide nanoparticles, which form initially upon cooling,37-38, 45-46 
were confirmed for the <45 µm sized powder fraction. The nanoparticles were 
composed of nearly equal amounts of Fe and Mn, in addition to some S, whereas the 
outermost matrix surface was most probably solely composed of Fe2O3 (Paper XIV).  
 
In contrast to previous literature suggestions,37-38 the presence of higher-valent Mn 
(III or IV) was observed in the surface oxide of the gas-atomized powders and 
higher-valent Cr (probably VI) in the surface oxide of the water-atomized powder, as 
confirmed by means of several complementary techniques (Papers XIV-XV). In 
general, it is evident that the surface oxide characteristics of the powder particles are 
different from massive sheet of 316L and strongly related to the route of 
manufacture, i.e. environment and kinetics during cooling. 
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III- and/or IV-valent Mn on the surface of the inert-gas-atomized 316L powders 
induced a strong surface ennoblement, i.e. a significantly higher open-circuit 
potential, compared with both the water-atomized powder and massive sheet of the 
same grade (Paper XV). This ennoblement, known for MnO2 particles/deposits or 
coatings on stainless steel47-51, was extinct when the Mn phases were chemically or 
electrochemically dissolved (Paper XV). The ennoblement did not result in a higher 
pitting corrosion susceptibility of the gas-atomized powders. This is in contrast to the 
known higher pitting corrosion susceptibility of stainless steels, e.g. 316L, ennobled 
by III- or IV-valent Mn oxide deposits.47 Instead, the gas-atomized powder showed a 
higher corrosion resistance compared with massive sheet and the water-atomized 
powder (Papers XV-XVI).  
 
Frozen-in ferritic particles (inert-gas-atomized 316L) were more reactive compared 
with austenitic particles (Paper XV). The smallest particle size fraction (<4µm) was, 
despite their ferritic structure, more pitting corrosion resistant compared with the 
austenitic particle fraction. This could be related to the absence of oxide 
nanoparticles in their surface oxide that may act as possible pitting initiation sites. 
 
Any surface oxide changes during exposure were monitored ex situ after certain time 
points of exposure to different solutions (Papers VIII, XI-XII, and XVII). Fig. 4 
shows the quantitative surface oxide composition of inert-gas-atomized and water-
atomized stainless steel powders of different grades. While some exposures induce 
negligible changes, e.g. in phosphate-buffered saline, PBS (pH 7.4), or non-
aggressive solutions at pH 4.5-6 (Paper VIII), the exposure to other fluids induced 
significant changes.  
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Figure 3. Overview on bulk and surface characteristics of unexposed inert-gas- 
and water-atomized powders and massive sheets of 316L. *after a re-evaluation it was 
found that the Raman spectrum reveals the possibility of Cr(OH)3,

52 not Cr2O3, as stated 
in Paper IX. ** unpublished data (EBSD). 
 
The strongest changes of the surface oxide at given conditions investigated in this 
thesis were observed in acidic solutions or solutions containing bovine serum 
albumin (BSA). Exposure in these solutions induced the preferential dissolution of 
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Mn and Si, respectively, as well as a substantial dissolution of Fe from the surface 
oxide that resulted in its enrichment in Cr (Papers VIII, XI, XII and XVII, Fig. 4). It 
should be pointed out that Cr is probably not enriched to 100 wt%, as indicated in 
Fig. 4, but it reflects that the oxidized Fe in the utmost surface was below the 
detection limit also as a result of a relatively thick protein layer. 
 

Figure 4.  Quantitative metal distribution (only metal oxidized states) in the 
surface oxide of inert-gas-atomized (GA) and water-atomized (WA) stainless steel 
powders of different grades. Unexposed (u/e), exposed to PBS and PBS+BSA (BSA) for 1 
week, or exposed to ALF for 1 day. Details are given in Papers VIII and XVII.  
 
Artificial lysosomal fluid, ALF (pH 4.5), which mimics intracellular conditions in 
lung cells occurring in conjunction with phagocytosis,53 is both acidic and highly 
complexing (Paper VIII). Exposures in ALF resulted in i) the complete dissolution of 
oxidized Mn in the surface layer already after one day of exposure, ii) a significant 
reduction of the oxide thickness, and iii) local oxidation of the trivalent Cr oxide to 
Cr(VI), most probably in conjunction with the reduction of MnO2 or another III- or 
IV-valent Mn-species (Papers VIII and XIV-XV). This latter observation is not the 
case for exposures in non-complexing solutions (despite Mn dissolution) or for Cr 
metal powders (without surface Mn). This suggests that Fe complexation enables the 
oxidation of Cr(III)-oxide by Mn(III/IV). 
 
The manufacture route (inert-gas or water-atomization) and particle size largely 
determine the oxide characteristics prior to or after exposure more significantly 
compared with corresponding differences related to stainless steel grade, Fig. 4.  
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Metal release from stainless steel powders and massive 
sheets – effects of surface oxides, solution pH, acidity, 
complexation capacity, and proteins (Papers VI, VIII, XI 
and XVII) 
 

In general, the extent of metal release from stainless steel exposed to simulated 
synthetic body fluids or fresh water solutions (without any influence of wear 
processes!) is governed by: 
 

1. Preferential release of Fe compared with Cr, Ni, or Mo, with the 
consequence of Cr enrichment in the surface oxide (Papers VI-VIII, XI-XII, 
and XVII).10, 12-13, 54-56 

2. Preferential release of Mn or Si (enriched in the surface oxide) in the case of 
atomized powders (Papers VIII and XVII). 

3. Strongly decreasing metal release rates with time (Paper XVII).7, 10, 12, 16, 20, 57 
4. Increasing metal release with decreasing solution pH, with the possible 

exception of Si and Mo (Paper XVII).13, 55-56, 58 
5. Increasing metal release with increasing solution acidity (buffering 

capacity) (Paper XVII). 
6. Increasing metal release with increasing solution complexation capacity 

(Papers VIII and XVII). 
7. Enhanced metal release induced by protein adsorption and proteins in 

solution (not necessarily true for all proteins59) (Papers XI and XVII).55, 59-61 
8. Enhanced metal release for abraded/polished surfaces compared with as-

received and/or aged surfaces (Paper XVII).6, 16, 20-22 
 

An important aspect to enable metal release (bioaccessibility/bioelution) studies to be 
used for risk assessment primarily based on in vitro studies is the consideration of 
powder particle characteristics and experimental conditions. The importance of a 
robust and reliable bioaccessibility test protocol has been discussed in several 
licentiate and PhD-theses1, 6, 8 and scientific papers11, 13 by the research team at KTH 
as summarized in Paper XVII. Important aspects that need to be considered include  
the loading (mass or surface of particles/sheets per solution volume),11, 13 if the 
system is open or closed,13, 62 the extent of agglomeration of the test powder (largely 
connected to the surface charge), and other important experimental parameters such 
as agitation, illumination, and temperature.13 The solid-liquid separation procedure11, 

63 and metal analysis in solution (and preparation of samples prior to it)11, 13, 63-65 are 
also factors that largely influence the results, depending on the element of interest 
and on solution chemistry. It should be pointed out that the solution chemistry may 
influence the measured metal concentrations in solution in different ways, for 
example due to surface characteristics of the test substance (Paper VIII) or the 
formation of sparingly soluble precipitates66. This means that different metal release 
test protocols most probably results in a different ranking between test substances of 
alloys even when performed at e.g. an identical pH. For most metals exposed to 
solutions of a neutral or alkaline pH, precipitation of complexes may play a decisive 
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role and explains why dissolved metal concentrations in certain solutions may 
decrease over time. A kinetic and chemical understanding is essential for standard 
operational test protocols that only consider one or a few exposure time periods, as 
the lack of knowledge may result in an erroneous ranking among test substances.13 

Figure 5 illustrates the solution dependence of the release of Fe from differently sized 
gas-atomized powders and abraded massive sheet of 316L. As clearly elucidated, the 
stainless steel powders of different size fraction (<4 µm and < 45µm) and different 
surface oxide properties (Papers XIV-XV) behave differently from each other and the 
massive sheet from a metal release perspective. In Paper VIII, it was shown that the 
powder sized <4 µm released less amounts of metals into solutions of low acidity and 
complexation capacity, but significantly more metals into solutions of high acidity 
and complexation capacity, compared with the <45 µm powder. This could be 
explained by the crystallinity of the surface oxides (Paper XV), since the amorphous 
surface oxide of the <4 µm sized powder is more prone to complexation and 
detachment of metal complexes compared with the partially crystalline oxide of the 
<45 µm sized powder. In Paper VIII, it was furthermore shown that Ni is released to 
a significantly higher extent from the powder sized <4 µm compared with the <45 
µm powder in all solutions and in contrast with the other released metals. This was 
explained by the low solubility of Ni in ferrite67, since the powder particles sized <4 
µm were mainly ferritic, despite the austenitic bulk composition (Paper XIII). 
 
Both in the case of citric acid containing solutions and protein containing solutions, 
an adsorption controlled metal release mechanism was proposed based on ligand 
concentration dependent measurements of metals in solution (Papers VIII and XI). 
For BSA, the metal release was not significantly enhanced until a certain threshold 
concentration was reached, corresponding to an amount equivalent of a monolayer 
coverage (Paper XI). Above this threshold concentration, the protein-induced metal 

Figure 5. Released amount of iron into artificial lysosomal fluid (ALF, pH 
4.5), citric acid (pH 4.5) and phosphate (pH 4.5) solutions, phosphate buffered saline 
(PBS, pH 7.4) with and without bovine serum albumin (BSA) for 24h. Details are 
given in Paper XVII. N/A – no data available. 



18 
 

release increased even further, suggesting that also proteins in the solution contribute 
to the metal release process, either by an exchange between the solution and the 
surface and vice versa and/or by shifting the equilibrium towards further dissolution 
by complexing metal ions in solution. In the case of citric acid, the metal release 
increased non-linearly with increasing citric acid concentration (at a given pH) 
reaching a maximum at 1 to 21 g/L citric acid, depending on the released element 
and the powder surface characteristics (Paper VIII). Citric acid, which exhibits an 
adsorption maximum at pH 4.5 (the investigated pH) on hematite (α-Fe2O3),

68 
enhanced the metal release not only due to its acidity, but also due to its 
complexation capacity. These effects became clear when comparing with a solution 
of equal acidity (phosphate solution) of the same pH, but without any complexation 
properties (Fig. 5). Especially in the case of the smallest sized (<4 µm) powder with 
amorphous oxides, the complexation capacity of the citric acid is of high importance, 
in contrast to the <45 µm powder of crystalline and amorphous oxides (Papers VIII 
and XVII). This emphasizes the need of considering the entire system including 
solution chemistry and surface properties. It should also be noted that the metal 
release rate may initially increase before decreasing in the case of complexing agents. 
This effect is caused by the relatively slow process of complex detachment from the 
surface and results in a postponed complexation-induced metal release process. This 
has for example been shown for Ni release in ALF from Ni metal powders.17 
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Stainless steel surface – protein interactions (Papers IX-
XII) 
 

The interaction between proteins and stainless steel surfaces was investigated in 
terms of adsorption (QCM, XPS, ToF-SIMS, Papers IX, XI-XII), metal release 
(Papers IX and XI), electrochemical aspects (polarization resistance and OCP, Paper 
XI), complexation of different proteins with Cr ions (stripping voltammetry and 
MALDI-ToF-MS, Paper X), and surface oxide changes induced by proteins (XPS 
and ToF-SIMS, Papers XI-XII).  
The investigations were performed using differently sized and charged proteins of 
relevance for human blood, oral uptake and eye contact, i.e. human and bovine serum 
albumin (HSA/BSA), bovine submaxillary gland mucin (BSM), and lysozyme from 
chicken egg white (LSZ).  
The results show that protein-Cr complexation was dependent on the number of 
amino acids per protein mass rather than on protein size, structure, or charge (Paper 
X). Protein-induced metal release was strongly dependent on the protein 
characteristics and the stainless steel grade (Paper XI). For example, LSZ did not 
significantly enhance the metal release from 316L, a highly pitting corrosion resistant 
grade, in contrast to BSA and for other stainless steel grades. BSA induced a 
significantly higher metal release for all investigated stainless steel grades compared 
with LSZ (both when considering molar and mass protein concentration), despite an 
adsorbed mass that corresponded to at least one monolayer in both cases at given 
conditions (Papers IX and XI) and similar complexation capacities with Cr (Paper 
X). From the results it was evident that complexation-induced metal release is not the 
sole mechanism that governs the enhanced release of metals in the presence of 
proteins.  
 
A combined XPS and ToF-SIMS study for BSA and LSZ interaction with 316L 
stainless steel surfaces (Paper XII) revealed that the outermost surface oxide is 
similarly affected by LSZ and BSA. However, BSA induces further changes (Cr 
enrichment) of the entire surface oxide in accordance with its higher capacity to 
induce metal release. The extent of metal release induced by BSA at pH 7.4 in PBS is 
comparable with observations in non-complexing solutions of pH 4.5 or less (Papers 
XI and XVII). Such a strong reduction in surface pH induced by BSA is most 
probably not realistic. However, a reduction in surface pH induced by surface charge 
regulation (the negatively charged BSA attracts positively charged ions such as 
protons when adsorbed on the surface) could contribute to the enhancement of metal 
release and explain observed differences with LSZ (paper XI). In a similar way, the 
positively charged LSZ attracts negatively charged ions, such as chlorides, which 
may induce pitting corrosion if the stainless steel grade is susceptible enough. This 
could explain why LSZ induced an enhanced metal release only for the less pitting 
resistant stainless steel grades (Paper XI).  
 
Polarization resistance measurements for the stainless steel grade AISI 304 (less 
pitting corrosion resistant compared with 316L69) showed, after 18 hours of 
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stabilization, a larger reduction of the polarization resistance induced by LSZ 
compared with BSA. This most probably reflects a strong initial Cr enrichment 
induced by BSA, which “passivates” the stainless steel surface to some extent 
compared with the surface in LSZ solution (Paper XI). However, new (unpublished) 
measurements (for 316L) for up to one month have shown that BSA enhances the 
metal release of Fe, Cr, Ni and Mn compared to PBS still after 1 week and even up to 
1 month of exposure. Future studies should include polarization measurements in 
dependence of protein concentration and time for the grade 316L. 
 
Figures 6 and 7 summarize the main conclusions of Papers XI and XII, respectively. 
In Paper XII, an attempt to assess the binding mechanisms between the stainless steel 
(316L) surface and the adsorbed proteins (BSA or LSZ) was undertaken. Different 
treatments (temperature and sodium dodecyl sulfate, SDS) and adsorption times were 
investigated using a combination of XPS and ToF-SIMS. It was concluded that 
chemisorption most probably was the main interaction, however the exact binding 
mechanism was not possible to assess. This study needs to be continued with studies 
on a more simple system, i.e. a less complex surface and less complex protein 
simulators such as amino acids or small peptides.  
 
The surface charge of the stainless steel surface is furthermore very important to 
determine/estimate in an accurate way when discussing protein interactions. In Paper 
IX, the surface charge of a 316 QCM crystal was determined to be negatively 
charged at pH 7.4, in accordance with literature measurements of massive 316L69. 
However, the surface charge may be strongly area-dependent, time-dependent (e.g. 
via changes in surface oxide characteristics), and is contradictory reported in the 
literature with estimated iso-electric points ranging from 3 to 8.570-72. These 
knowledge gaps require therefore further measurements of the zeta potential on 
stainless steel surfaces of both massive surfaces and powders of different surface 
finish, grade, and solution.  
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Figure 6. Summary of main conclusions on protein-induced metal release from 
stainless steels (Paper XI). 
 

Figure 7. Summary of main conclusions on stainless steel surface – protein 
interactions (Paper XII). SDS – sodium dodecyl sulfate.  

 
  

Metal release into bulk solution: 
Fe > Mn >> (Ni)  Cr

Men+Men+

BSA
• Strong 

surface-
protein 
complexation 

• Local lowering 
of surface pH

• Strong 
enhancement 
of released 
metal quantity

Men+ Men+

LSZ

Surface oxide

Bulk metal

• Surface-
protein 
complexation

• Local surface 
enrichment of 
chlorides

• Slight 
enhancement 
of released 
metal quantity

Men+
Men+

Solution

Initial Fe depletion from utmost 
surface oxide (BSA, LSZ)

Cr enrichment in the entire 
surface oxide induced by BSA

Strong (probably chemisorption) 
binding between amino groups 
and/or other groups and the 
surface oxide

Denaturation of proteins upon ageing, SDS 
treatment, temperature (200°C) and X-ray 
radiation (XPS)



22 
 

Toxicity studies of stainless steel powders – an inhalation 
perspective (Papers VI and VII) 
 

Toxicity studies conducted within the scope of this thesis have focused on inhalation 
and possible effects induced by the inert-gas-atomized 316L powder sized < 4µm 
(mass median aerodynamic diameter 2.5-3.0 µm). The toxicity was compared with 
effects of Ni metal or metal oxide powders (Papers VI-VII), and with other 
ferrochromium and ferrosiliconchromium alloy powders and pure metal powders of 
different size (only in vitro studies, Paper VI). Generated data was correlated with 
metal release and surface compositional findings (Papers VI-VII and XVII). 
An overview of toxic responses observed during both in vitro (Paper VI) and in vivo 
(Paper VII) toxicological testing of the gas-atomized 316L <4 µm powder and 
relevant reference powders is given in Table 2. 
 
The observed increase in DNA damage and slight non-significant increase in 
cytotoxicity for the gas-atomized stainless steel 316L powder sized <4 µm could not 
be explained by the release of Cr, Fe, or Ni, which were in the same concentration 
range as the reference powders showing no increase in any toxic response (Paper VI). 
Instead, it was later (Paper XVII) suggested that its release of Mn (or a synergistic 
effect of the metals released including Mn) could be important for that observed 
difference. The release of Mn was not measured in Paper VI and it was later found 
that the release of Mn was strongly enhanced for the inert-gas-atomized powders 
compared with abraded sheets and water-atomized powders, an effect strongly 
connected to the surface oxide (Papers VIII, XI, XIV-XV and XVII). Mn was 
released to a significantly higher extent compared with Cr and Ni in ALF and in 
many other solutions of pH 4.5 (Paper VIII). Mn is associated with Parkinson’s 
disease73 and may induce relatively high cytotoxicity74, especially when transported 
into the cell via a phagocytosed host particle (trojan horse mechanism)74. It was 
highlighted that the catalytic properties for the formation of reactive oxygen species 
(ROS), as e.g. known for Mn3O4 or MnO2,

74-76 are of importance and that even small 
(e.g., 1.6%) amounts of Mn in the surface oxide of “inert” particles may induce a 
significant increase in toxic response and the formation of ROS.74 The in vitro assays 
investigated in Paper VI cover a relatively short time period (up to 1 day), while the 
in vivo investigation (Paper VII) lasted for 28 days. The Mn release was strongly 
reduced with time (Paper XVII), and all Mn was dissolved from the surface after 24 
h of exposure in ALF (Paper VIII). This suggests that the release of Mn would 
influence short term toxic assays more significantly compared with long term 
investigations.  
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Table 2. Toxic responses to different metal/alloy/oxide powders using different in 
vitro assays (Paper VI) and from an in vivo inhalation study on rats (Paper VII). 
 

Powder 

In vitro In vivo 

Cytotoxic 
assay 

Hemolytic 
assay 

Comet 
assay 

28-day repeated dose 
inhalation study on 
Wistar rats 

Gas-atomized 
316L <4 µm, 
BET 0.70 m2/g 

Non-
significant 
slight 
increase 

Non-
significant 

Significant 
increase 

No signs of 
inflammation or 
adverse effects up to 
the highest investigated 
dose of 1 mg/L 
 

Ni metal 
powder, BET 
2.15 m2/g 

N/A N/A N/A 

Significant lung 
toxicity at 
concentrations of 
0.004 mg/L and 
higher 

NiO powder, 
BET 102 m2/g 
 

N/A N/A 
Significant 
increase 

N/A 

Cr metal 
powder, BET 
0.91 m2/g 
 

Non-
significant 

Small 
significant 
increase 

Non-
significant 

N/A 

Cr2O3 powder, 
BET 5.1 m2/g 
 

Non-
significant 

Significant 
increase 

Non-
significant 

N/A 

Fe metal 
powder, BET 
0.84 m2/g 
 

Non-
significant 

Small 
significant 
increase 

Non-
significant 

N/A 

FeCr alloy 
powder, BET 
0.48 m2/g 
 

Non-
significant 

Non-
significant 

Non-
significant 

N/A 

FeSiCr alloy 
powder, BET 
1.08 m2/g 

Non-
significant 

Non-
significant 

Small 
significant 
increase 

N/A 

N/A – no data available; BET – Brunauer Elmer Teller method. 
Cytotoxic assay - analysis of cell death; Hemolytic assay - analysis of lysis of erythrocytes 
(related to membrane damage); Comet assay - analysis of DNA damage. 
 

For both in vitro and in vivo investigations the toxicity induced by the stainless steel 
powder was significantly lower compared with induced toxicity by Ni metal or Ni 
oxide powders (Papers VI-VII, XVII). It was therefore concluded, that toxicity of 
stainless steel 316L cannot be predicted based on its nominal bulk composition (10 
wt% Ni), today used as the basis for risk assessments in several regulations.2-4 
 
Also from a toxicity perspective, the inert-gas-atomized stainless steel powders 
behaved more similar to pure Cr metal compared with pure Ni metal or a mixture of 
pure Fe, Cr and Ni metals (Papers VI-VII), predominantly due to differences in the 
passive surface oxide characteristics (Papers XIV-XVI). It should however be noted 
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that presented investigations within this thesis only comprised inert-gas-atomized 
stainless steel powders sized <4 µm, with unique surface properties compared with 
massive sheet and water-atomized powders of the same grade (Papers XIV-XV). 
Further toxicity studies on other stainless steel powders of similar particle 
characteristics but different surface oxide composition and properties are needed to 
fully understand the correlation between surface oxide and toxicity. The speciation of 
Mn and Cr, on and within the surface oxide, and in solution, is important to 
determine and consider. For the inert-gas-atomized 316L stainless steel powder 
investigated in this thesis, only trivalent Cr was detected in the utmost surface oxide 
and dissolved/released in solutions. However, in certain cases, e.g., after welding, 
chromates may form and be released as relatively toxic hexavalent Cr, a phenomenon 
that is well documented in the scientific literature.77-83 
 

Risk assessment based on metal release and bulk and 
surface characterization (Papers VI, VII, and XVII) 
 

To enable an accurate risk assessment it is important to consider whether certain 
substances/materials can be grouped or not. Such an approach is necessary since 
read-across, which means extrapolation of toxicity data and/or classification between 
well-documented and known systems to unknown, but anticipated similar systems, 
today is commonly used for classification and regulatory purposes. Today, if data is 
lacking, read-across from pure metals to alloys is often conducted.2-4 It was shown in 
several papers of this thesis (Papers VI-VII and XI) and excluded papers9, 12-13 as well 
as in previous academic theses1, 6, 8 that ferrochromium, ferrosiliconchromium and 
stainless steel alloys behave significantly different compared with their 
corresponding pure metals from a metal release perspective. Cr is the pure metal that 
describes the metal release process also of these alloys the best (Papers VI-VII).9, 12-

13, 16, 20  
 
The hazard assessment strategy employed for stainless steels, ferrochromium and 
ferrosiliconchromium alloys within this thesis (Paper VII) and elsewhere1, 5, 9-10 is 
summarized in Fig. 8. 
  



25 
 

 

Figure 8. Hazard assessment strategy employed within this thesis. 
 
For any accurate risk assessment, the experimental and material factors that influence 
risk assessment decisions based on in vitro and/or in vivo data the most must be 
identified. In the case of alloys the most crucial property is the surface oxide, which 
is largely determined by the alloy composition but also by its route of manufacture, 
especially in the case of powders for standard tests (c.f. previous chapters). Both 
corrosion resistance tests and/or metal release studies may largely assist in risk 
assessment, however, they may not necessarily result in the same ranking of 
materials in biological settings (c.f. previous chapters). Therefore, metal release 
studies, especially when combined with speciation information, are preferable for 
any toxicological risk assessment.1  
 
Except for the influence of many experimental factors and material and particle 
characteristics on the metal release/bioaccessibility results, also factors such as 
sonication (ultrasound treatment of varying strength and duration), used for 
dispersion of powder particles into solution will highly influence the outcome of any 
bioaccessibility or toxicity test64, 84 (see also paper VI). Recent (unpublished) results 
showed an up to 100-fold increase of the total extent of released metals with 
increased sonication strength for the inert-gas-atomized (GA) 316L powder sized <4 
µm. The effect of sonication strength on other metal/alloy powder particles such as 
copper and copper-zinc nanoparticles with non-passive surface oxides, was not as 
pronounced but still increased the released amount of metals by a factor of 2 as well 
as induced changes in surface charge.85 These findings indicate the importance of a 
fundamental understanding of experimental factors on materials of different 
properties and characteristics (e.g. sparingly soluble compared with soluble 
powders).  
 
Any toxicological tests conducted without any extensive understanding of particle or 
material characteristics are considered to be of low scientific value and of less 
usability for hazard and risk assessment or read-across possibilities. This fact has 
recently also been addressed by far-sighted toxicologists.34, 86-89 It is well known that 
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toxicity is highly particle size dependent.34, 84, 90-91 This effect is often referred to the 
ability of cells to phagocytize (or endocytize) particles that subsequently can release 
metals inside the cell or the nucleus.74, 92-94 However, other important factors that 
need to be considered in addition to particle size are e.g. surface oxide 
characteristics, properties often changed with decreasing particle size (c.f. previous 
chapters). This may be more important for alloy powders compared with powders of 
metals or metal oxides (Paper VI).  
All bulk, surface and particle parameters or experimental factors investigated or 
highlighted within this thesis and proven important for the outcome of any metal 
release/bioaccessibility or toxicity studies that may be used within the framework of 
risk assessment of alloy sheets or powders are summarized in Table 3. 
 
An important aspect that could be investigated in future studies is the possibility of 
carcinogenic effects induced by stainless steel powder particles. This is in particular 
important, since short term DNA damage was observed (Paper VI) and since very 
low Ni release and powder solubility may induce carcinogenic effects upon 
phagocytizing (uptake into the cell)17, 92. The question remains, if direct hazard or 
risk assessment is possible based on in vitro characterization only and/or read-across 
by grouping similar materials. Based on this thesis, it could be possible to identify 
the most important material and surface factors that influence toxicity. Taking all 
these factors into account (Table 3), a direct assessment could be possible for similar 
alloys and powders as studied in this thesis. Such an approach needs however to be 
verified with other groups of alloys. It is suggested that at least one material in each 
group with different characteristics or factors (e.g., manufacturing process or bulk 
composition) is tested using a metal release/bioaccessibility (bioelution) test. 
Existing corrosion resistance data may be helpful for decisions of grouping of 
materials. However, as pointed out within this thesis, corrosion resistance findings do 
not predict bioaccessibility. 
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Table 3. Important bulk, surface and/or particle characteristics, and 
experimental factors that influence the outcome of studies aimed for environmental or 
human hazard or risk assessments of alloys or metals. The ranking of the importance of 
the different factors is a rough estimation based on results reported in the included and 
discussed papers of this thesis, with main focus on stainless steel. Their importance may 
vary largely depending on the systems and materials investigated. 
 

 Bulk properties 
Surface 
properties 

Particle 
properties 

Experimental  
factors 

Extremely 
necessary to 
consider 

- Composition 
- Structure 
 

- Composition 
 

- Size 
- Size 
distribution 
- Specific 
surface area 

- Solubility 
- Solution 
composition 
(buffering and 
complexation 
capacity, pH) 
- Solution volume to 
test surface or mass 
ratio 
- Exposure time 

Necessary 
to consider 

- Manufacture 
- Change in 
composition  
upon exposure 

- Extent of 
agglomeration
- Shape / 
morphology 

- Speciation 
information of 
released metals 
- Effect of proteins 
- Sonication 
- Agitation 

Good to 
consider 

- Impurities 

- Oxide 
thickness 
- Oxide 
crystallinity 
- Oxide 
phases and 
speciation 
- Catalytic 
properties 
- Surface 
charge 

 

- Surface finish and 
preparation 
- Ageing / storage 
- Temperature 
- Contamination risk 
- Accuracy of 
analytical technique 
- Illumination  
- Open or closed 
system 
- Solid-liquid 
separation 
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Main Conclusions 
 
Stainless steel bulk and surface oxide characteristics such as phases, structure, 
morphology, chemical and electrochemical stability largely influence the metal 
release process, protein interactions, the bioavailability of released metals, and any 
induced toxicity. 
 
The route of manufacture strongly influences both bulk and surface oxide 
characteristics of stainless steel powders, properties that in turn influence their 
electrochemical and catalytic properties, as well as metal release/dissolution 
properties of the powders (Papers VIII, XIII, XIV-XVII).  
 
Release rates of alloy constituents from stainless steel sheets and powders are in 
general very low when compared to pure Fe or Ni metal, and highly dependent on 
prevailing bulk and surface characteristics, solution composition, complexation 
capacity and acidity (and pH), as well as on many experimental factors, such as time 
and sonication processes (Papers VI, VIII, XI and XVII). The investigated proteins 
strongly enhanced the release of metals from stainless steel (Papers IX, XI, and 
XVII). Fe was preferentially released compared with the other alloy constituents (Mn 
was preferentially released in the case of the inert-gas-atomized stainless steel 
powders) (Papers VIII, XI, and XVII). 
 
Protein-stainless steel surface interactions are most probably governed by 
chemisorption at given exposure conditions (Papers XI-XII). Proteins adsorb strongly 
on stainless steel surfaces, independent of protein charge, size or structure (Paper 
IX). Proteins complex to metals both at the stainless steel surface, and to released 
metals in solution (Papers X-XII). The strength of the interaction was dependent on 
protein charge and type and resulted in the enhancement of released metals to 
different extent (Papers XI-XII). 
 
Inert-gas-atomized stainless steel powder sized <4 µm induced no significant 
increase of lysis of erythrocytes or cytotoxicity, but DNA damage in in vitro toxicity 
assessments (Paper VI). No adverse effects were observed in an in vivo 28-day 
repeated-dose inhalation study of the same powder (Paper VII). 
 
Bulk, surface, particle, and experimental factors that are important for any accurate 
hazard or risk assessment were highlighted. Direct hazard or risk assessment based 
on material and surface characterization may be possible, as long as all these factors 
are taken into consideration and materials/systems that deviate in at least one factor 
are tested on at least bioaccessibility before any read-across of data is conducted. 



29 
 

Acknowledgements 
 
I want to thank: 

 My supervisor Prof. Inger Odnevall Wallinder for great inspiration and 
giving me many degrees of freedom. You are doing a great job and deserve 
many commendations for all the help you tirelessly offer. 

 Cusanuswerk not only for the all financial support but also for the personal 
support, the valuable discussions, meetings, and all the nice other Ph.D. 
students. You made me self-confident but also feeling responsible for this 
world. 

 For even more financial support: Swedish Research Council (VR), Formas, 
Swedish Steel Association (Jernkontoret), Knut and Wallenberg foundation, 
Björns foundation, International Chromium Development Association, Carl 
Trygger Foundation, and Nils and Dorthi Troëdsson Foundation. 

 All my co-authors, Inger Odnevall Wallinder, Eva Blomberg, Maria 
Lundin, Jonas Hedberg, Peter Szakálos, Mats Norell, Manuela Killian, 
Sannakaisa Virtanen, Paul Linhardt, Hans Bergqvist, Neda Mazinanian, Yi 
Liu, Oskar Karlsson, Xin Wang, Johanna Kain (Gustafsson), Patrik 
Schmuki, Lennart Möller, Hanna L. Karlsson, Helene Stockmann-Juvala, 
Narinder Dhinsa, David Griffiths, Paul Brooks, Johan Jacksén, Åsa Emmer, 
Gunilla Herting, Esben Thormann, Tao Jiang, Tiina Santonen, and Antti 
Zitting, for interesting and good collaboration! 

 Dr. Gunilla Herting, Dr. Troy Lowe, and Dr. Kuria Ndungu (SU) for all 
scientific and experimental support. 

 Our former master thesis students, Yi Liu, Claudio Baldizzone, and Neda 
Mazinanian, and our former and present assisting students Ashkan Reza 
Gholi, Nassim Al Maliki, Dagny Ullmann, Alexander Mörsdorf, Maria-Elisa 
Karlsson, and Rasmus Karlsson. 

 All my colleagues at our division for a nice working atmosphere, special 
thanks to Shadi Jafarzadeh and all my former and present room-mades. 

 The Stockholm Particle Group for great inspiration and discussions. Special 
thanks to Dr. Hanna L. Karlsson. 

 Prof. Paul Linhardt, TU Vienna, and Prof. Sannakaisa Virtanen, University 
of Erlangen-Nuremberg, for valuable discussions, hospitality, and great 
collaboration. 

 The division of Surface Science and Corrosion, University of Erlangen-
Nuremberg, Germany, for their hospitality, being so kind to me and a good 
collaboration. Special thanks to Dr. Metehan Turhan, Florian Seuss, Dr. 
Johannes Brunner, Leonhard Klein, Ulrike Marten-Jahns, Ingeborg 
Tontsch, Martin Kolacyak, Helga Hildebrand, and Barbara Scholz. 

 Dr. Tony Newson and Dr. Grant Darrie for important discussions and 
insights. 

 My son Simon for teaching me patience, efficiency, simultaneous work, and 
to see things with different eyes. 



30 
 

 My husband Jonas for invaluable support both at home and at work, and 
carefully reading this thesis. 

 My Swedish family, especially Åsa and Lasse. 
 My German family for all support. 



31 
 

References 
 
1. Hedberg, Y. Environmental and health aspects of corrosion–
importance of chemical speciation. licentiate thesis, Royal Institute of Technology 
(KTH), ISBN 978-91-7415-716-1, Stockholm, Sweden, 2010. 
2. UN, Globally harmonized system of classification and labelling of 
chemicals (GHS). Third revised edition. In New York and Geneva, 2009. 
3. EC, Regulation (EC) No 1907/2006 of the European Parliament and 
of the Council of 18 December 2006 concerning the Registration, Evaluation, 
Authorisation and Restriction of Chemicals (REACH), establishing a European 
Chemicals Agency, amending Directive 1999/45/EC and repealing Council 
Regulation (EEC) No 793/93 and Commission Regulation (EC) No 1488/94 as well 
as Council Directive 76/769/EEC and Commission Directives 91/155/EEC, 
93/67/EEC, 93/105/EC and 2000/21/EC. In Official Journal of the European Union, 
2006; pp L396:L136/133-L136/280. 
4. EC, Regulation (EC) No 1272/2008 of the European Parliament and 
of the council of 16 December 2008 on classification, labelling and packaging of 
substances and mixtures, amending and repealing Directives 67/548/EEC and 
1999/45/EC, and amending Regulation (EC) No 1907/2006. In 2008. 
5. Santonen, T.; Stockmann-Juvala, H.; Zitting, A., Review on toxicity 
of stainless steel. Finnish Institute of Occupational Health: Helsinki, Finland, 2010. 
6. Herting, G. Bioaccessibility of stainless steels - Importance of bulk 
and surface features. Doctoral Thesis, Royal Institute of Technology (KTH), ISBN 
978-91-7178-977-8, Stockholm, Sweden, 2008. 
7. Herting, G.; Odnevall Wallinder, I.; Leygraf, C., Metal release from 
various grades of stainless steel exposed to synthetic body fluids. Corrosion Science 
2007, 49, (1), 103-111. 
8. Midander, K. Metal Particles-Hazard or risk?: Elaboration and 
implementation of a research strategy from a surface and corrosion perspective. 
Doctoral thesis, Royal Institute of Technology (KTH), ISBN 978-91-7415-472-6, 
Stockholm, Sweden, 2009. 
9. Hedberg, Y.; Midander, K.; Odnevall Wallinder, I., Particles, sweat, 
and tears: A comparative study on bioaccessibility of ferrochromium alloy and 
stainless steel particles, the pure metals and their metal oxides, in simulated skin and 
eye contact. Integrated Environmental Assessment and Management 2010, 6, (3), 
456-468. 
10. Midander, K.; de Frutos, A.; Hedberg, Y.; Darrie, G.; Odnevall 
Wallinder, I., Bioaccessibility studies of ferro-chromium alloy particles for a 
simulated inhalation scenario: A comparative study with the pure metals and stainless 
steel. Integrated Environmental Assessment and Management 2010, 6, (3), 441-455. 
11. Midander, K.; Pan, J.; Leygraf, C., Elaboration of a test method for 
the study of metal release from stainless steel particles in artificial biological media. 
Corrosion Science 2006, 48, (9), 2855-2866. 



32 
 

12. Midander, K.; Pan, J.; Odnevall Wallinder, I.; Leygraf, C., Metal 
release from stainless steel particles in vitro—influence of particle size. Journal of 
Environmental Monitoring 2007, 9, 74-81. 
13. Hedberg, Y.; Odnevall Wallinder, I., Transformation/dissolution 
studies on the release of iron and chromium from particles of alloys compared with 
their pure metals and selected metal oxides. Materials and Corrosion 2012, 63, (6), 
481-491. 
14. UN, The Globally Harmonized System of Classification and 
Labelling of Chemicals, Annex 10, Guidance on transformation/dissolution of metals 
and metal compounds in aqueous media. In 2009. 
15. Ullmann, Y. Fe- and Cr-based metal particles. Bioaccessibility 
studies from a human health and environmental perspective. master thesis, Royal 
Institute of Technology (KTH), Stockholm, 2009. 
16. Herting, G.; Odnevall Wallinder, I.; Leygraf, C., Metal release rate 
from AISI 316L stainless steel and pure Fe, Cr and Ni into a synthetic biological 
medium- a comparison. Journal of Environmental Monitoring 2008, 10, 1092-1098. 
17. Mazinanian, N.; Hedberg, Y.; Odnevall Wallinder, I., Nickel release 
and surface characteristics of fine powders of nickel metal and nickel oxide in media 
of relevance for inhalation and dermal contact. Regulatory Toxicology and 
Pharmacology DOI 10.1016/j.yrtph.2012.10.014. 
18. Midander, K.; Pan, J.; Odnevall Wallinder, I.; Heim, K.; Leygraf, C., 
Nickel release from nickel particles in artificial sweat. Contact Dermatitis 2007, 56, 
(6), 325-330. 
19. Herting, G.; Lindström, D.; Odnevall Wallinder, I.; Leygraf, C., 
Multi-analytical investigation of stainless steel grade AISI 420 in simulated food 
contact. Journal of Food Engineering 2009, 93, (1), 23-31. 
20. Herting, G.; Odnevall Wallinder, I.; Leygraf, C., A comparison of 
release rates of Cr, Ni, and Fe from stainless steel alloys and the pure metals exposed 
to simulated rain events. Journal of The Electrochemical Society 2005, 152, (1), B23-
B29. 
21. Herting, G.; Odnevall Wallinder, I.; Leygraf, C., Factors that 
influence the release of metals from stainless steels exposed to physiological media. 
Corrosion Science 2006, 48, (8), 2120-2132. 
22. Herting, G.; Odnevall Wallinder, I.; Leygraf, C., Corrosion-induced 
release of chromium and iron from ferritic stainless steel grade AISI 430 in simulated 
food contact. Journal of Food Engineering 2008, 87, (2), 291-300. 
23. Herting, G.; Odnevall Wallinder, I.; Leygraf, C., Corrosion-induced 
release of the main alloying constituents of manganese–chromium stainless steels in 
different media. Journal of Environmental Monitoring 2008, 10, 1084-1091. 
24. Bobrowski, A.; Królicka, A.; Zarebski, J., Characteristics of 
voltammetric determination and speciation of chromium - A review. Electroanalysis 
2009, 21, (13), 1449-1458. 
25. Sander, S.; Navrátil, T.; Novotný, L., Study of the complexation, 
adsorption and electrode reaction mechanisms of chromium(VI) and (III) with DTPA 



33 
 

under adsorptive stripping voltammetric conditions. Electroanalysis 2003, 15, (19), 
1513-1521. 
26. Ghandour, M. A.; El-Shatoury, S. A.; Aly, A. M. M.; Ahmed, S. M., 
Adsorptive cathodic stripping voltammetric determination of hexavalent chromium. 
Analytical Letters 1996, 29, (8), 1431-1445. 
27. Metrohm, Application Bulletin 116, Voltammetric determination of 
chromium in small quantities. In http://products.metrohm.com/applications/ab-
application-bulletins/ab_101-200/prod-AB-116.aspx, 2012. 
28. Lindström, D.; Hedberg, Y.; Odnevall Wallinder, I., Chromium(III) 
and chromium(VI) surface treated galvanized steel for outdoor constructions: 
Environmental aspects. Environmental Science & Technology 2010, 44, (11), 4322-
4327. 
29. Chekmeneva, E.; Díaz-Cruz, J. M.; Ariño, C.; Esteban, M., 
Identification of heavy metal complexes of a hexapeptide inhibitor of the human 
immunodeficiency virus integrase protein by using a voltammetric approach. 
Analytical Biochemistry 2006, 348, (2), 252-258. 
30. Odnevall Wallinder, I.; Hedberg, Y.; Dromberg, P., Storm water 
runoff measurements of copper from a naturally patinated roof and from a parking 
space. Aspects on environmental fate and chemical speciation. Water Research 2009, 
43, (20), 5031-5038. 
31. Hedberg, Y.; Gustafsson, J.; Karlsson, H. L.; Möller, L.; Odnevall 
Wallinder, I., Bioaccessibility, bioavailability and toxicity of commercially relevant 
iron- and chromium-based particles: in vitro studies with an inhalation perspective. 
Particle and Fibre Toxicology 2010, 7:23. 
32. Hedberg, Y.; Hedberg, J.; Liu, Y.; Odnevall Wallinder, I., 
Complexation- and ligand-induced metal release from 316L particles: importance of 
particle size and crystallographic structure. BioMetals 2011, 24, (6), 1099-1114. 
33. Hedberg, Y.; Lundin, M.; Jacksén, J.; Emmer, Å.; Blomberg, E.; 
Odnevall Wallinder, I., Chromium-protein complexation studies by adsorptive 
cathodic stripping voltammetry and MALDI-TOF-MS. Journal of Applied 
Electrochemistry 2012, 42, (5), 349-358. 
34. Oberdörster, G.; Oberdörster, E.; Oberdörster, J., Nanotoxicology: 
An emerging discipline evolving from studies of ultrafine particles. Environmental 
Health Perspectives 2005, 113, (7), 823-839. 
35. SCENIHR Scientific Committee on Emerging and Newly Identified 
Health Risks, Risk Assessment of Products of Nanotechnologies; 2009. 
36. Norell, M.; Nyborg, L.; Olefjord, I., Reactions during atomization of 
martensitic stainless steel. Proceedings of the 1992 Powder Metallurgy World 
Congress, San Francisco, CA, USA 1992, 1, 41-54. 
37. Nyborg, L.; Olefjord, I., Surface oxidation of steel powder during 
atomization. Key Engineering Materials 1989, 29-31, 9-19. 
38. Bracconi, P.; Gasc, G., Surface characterization and reactivity of a 
nitrogen atomized 304L stainless steel powder. Metallurgical and Materials 
Transactions A 1994, 25, (3), 509-520. 



34 
 

39. Tunberg, T.; Nyborg, L., Surface reactions during water atomisation 
and sintering of austenitic stainless steel powder. Powder Metallurgy 1995, 38, (2), 
120-130. 
40. Nyborg, L.; Tunberg, T.; Wang, P. X., Surface product formation 
during water atomization and sintering of austenitic stainless steel powder. Metal 
Powder Report 1990, 45, (11), 750-753. 
41. Kelly, T.; Cohen, M.; van der Sande, J., Rapid solidification of a 
droplet-processed stainless steel. Metallurgical and Materials Transactions A 1984, 
15, (5), 819-833. 
42. Volkmann, T.; Herlach, D.; Löser, W., Nucleation and phase 
selection in undercooled Fe-Cr-Ni melts: Part II. Containerless solidification 
experiments. Metallurgical and Materials Transactions A 1997, 28, (2), 461-469. 
43. Löser, W.; Volkmann, T.; Herlach, D. M., Nucleation and metastable 
phase formation in undercooled Fe---Cr---Ni melts. Materials Science and 
Engineering: A 1994, 178, (1-2), 163-166. 
44. Löser, W.; Herlach, D., Theoretical treatment of the solidification of 
undercooled Fe-Cr-Ni melts. Metallurgical and Materials Transactions A 1992, 23, 
(5), 1585-1591. 
45. Nyborg, L.; Olefjord, I., Surface analysis of REP-atomized 
martensitic steel powder. Powder Metallurgy International 1988, 20, (2), 11-16. 
46. Hryha, E.; Gierl, C.; Nyborg, L.; Danninger, H.; Dudrova, E., 
Surface composition of the steel powders pre-alloyed with manganese. Applied 
Surface Science 2010, 256, (12), 3946-3961. 
47. Dickinson, W. H.; Caccavo Jr, F.; Lewandowski, Z., The 
ennoblement of stainless steel by manganic oxide biofouling. Corrosion Science 
1996, 38, (8), 1407-1422. 
48. Linhardt, P., Corrosion of metals in natural waters influenced by 
manganese oxidizing microorganisms. Biodegradation 1997, 8, (3), 201-210. 
49. Linhardt, P., Microbially influenced corrosion of stainless steel by 
manganese oxidizing microorganisms. Materials and Corrosion 2004, 55, (3), 158-
163. 
50. Linhardt, P., Twenty years of experience with corrosion failures 
caused by manganese oxidizing microorganisms. Materials and Corrosion 2010, 61, 
1034-1039. 
51. Marconnet, C.; Dagbert, C.; Roy, M.; Féron, D., Stainless steel 
ennoblement in freshwater: From exposure tests to mechanisms. Corrosion Science 
2008, 50, (8), 2342-2352. 
52. Oblonsky, L. J.; Devine, T. M., A surface enhanced Raman 
spectroscopic study of the passive films formed in borate buffer on iron, nickel, 
chromium and stainless steel. Corrosion Science 1995, 37, (1), 17-41. 
53. de Meringo, A.; Morscheidt, C.; Thélohan, S.; Tiesler, H., In vitro 
assessment of biodurability: Acellular systems. Environmental Health Perspectives 
1994, 102, (S5), 1-6. 
54. Galván, J.; Saldaña, L.; Multigner, M.; Calzado-Martín, A.; Larrea, 
M.; Serra, C.; Vilaboa, N.; González-Carrasco, J., Grit blasting of medical stainless 



35 
 

steel: implications on its corrosion behavior, ion release and biocompatibility. 
Journal of Materials Science: Materials in Medicine 2012, 23, (3), 657-666. 
55. Okazaki, Y.; Gotoh, E., Comparison of metal release from various 
metallic biomaterials in vitro. Biomaterials 2005, 26, (1), 11-21. 
56. Virtanen, S.; Milosev, I.; Gomez-Barrena, E.; Trebse, R.; Salo, J.; 
Konttinen, Y. T., Special modes of corrosion under physiological and simulated 
physiological conditions. Acta Biomaterialia 2008, 4, 468. 
57. Jensen, C. S.; Lisby, S.; Baadsgaard, O.; Byrialsen, K.; Menné, T., 
Release of nickel ions from stainless steel alloys used in dental braces and their patch 
test reactivity in nickel-sensitive individuals. Contact Dermatitis 2003, 48, (6), 300-
304. 
58. Odnevall Wallinder, I.; Lu, J. S.; Bertling, S.; Leygraf, C., Release 
rates of chromium and nickel from 304 and 316 stainless steel during urban 
atmospheric exposure - a combined field and laboratory study. Corrosion Science 
2002, 44, (10), 2303-2319. 
59. Hansen, D. C.; Luther, G. W.; Waite, J. H., The adsorption of the 
adhesive protein of the blue mussel mytilus edulis L onto type 304L stainless steel. 
Journal of Colloid and Interface Science 1994, 168, (1), 206-216. 
60. Kocijan, A.; Milošev, I.; Pihlar, B., The influence of complexing 
agent and proteins on the corrosion of stainless steels and their metal components. 
Journal of Materials Science: Materials in Medicine 2003, 14, (1), 69-77. 
61. Woodman, J. L.; Black, J.; Jiminez, S. A., Isolation of serum protein 
organometallic corrosion products from 316LSS and HS-21 in vitro and in vivo. 
Journal of Biomedical Materials Research 1984, 18, (1), 99-114. 
62. Allen, H. E.; Batley, G. E., Kinetics and equilibria of metal-
containing materials: Ramifications for aquatic toxicity testing for classification of 
sparingly soluble metals, inorganic metal compounds and minerals. Human and 
Ecological Risk Assessment: An International Journal 1997, 3, (3), 397-413. 
63. Hedberg, Y.; Herting, G.; Odnevall Wallinder, I., Risks of using 
membrane filtration for trace metal analysis and assessing the dissolved metal 
fraction of aqueous media - A study on zinc, copper and nickel. Environmental 
Pollution 2011, 159, (5), 1144-1150. 
64. Cronholm, P.; Midander, K.; Karlsson, H. L.; Elihn, K.; Odnevall 
Wallinder, I.; Möller, L., Effect of sonication and serum proteins on copper release 
from copper nanoparticles and the toxicity towards lung epithelial cells 
Nanotoxicology 2011, 5, (2), 269-281. 
65. Allen, H. E., Importance of clean techniques and speciation in 
assessing water quality for metals. Human and Ecological Risk Assessment: An 
International Journal 2000, 6, (6), 989-1002. 
66. Hedberg, Y.; Hedberg, J.; Odnevall Wallinder, I., Particle 
characteristics and metal release from natural rutile (TiO2) and zircon particles in 
synthetic body fluids. Journal of Biomaterials and Nanobiotechnology 2012, 3, (1), 
37-49. 



36 
 

67. Blair, M., Corrosion of cast stainless steels, Corrosion: Materials. In 
ASM Handbook, Cramer, S. D.; Covino, B. S. J., Eds. ASM International: Materials 
Park, Ohio, 2005; Vol. 13B, pp 78-87. 
68. Zhang, Y.; Kallay, N.; Matijevic, E., Interaction of metal hydrous 
oxides with chelating agents. 7. Hematite-oxalic acid and -citric acid systems. 
Langmuir 1985, 1, 201-6. 
69. Sedriks, A. J., Corrosion of Stainless Steels. 2nd ed.; John Wiley & 
Sons, Inc.: New York, 1996. 
70. Gispert, M. P.; Serro, A. P.; Colaço, R.; Saramago, B., Bovine serum 
albumin adsorption onto 316L stainless steel and alumina: a comparative study using 
depletion, protein radiolabeling, quartz crystal microbalance and atomic force 
microscopy. Surface and Interface Analysis 2008, 40, (12), 1529-1537. 
71. Hedberg, Y.; Wang, X.; Hedberg, J.; Lundin, M.; Blomberg, E.; 
Odnevall Wallinder, I., Surface-protein interactions on different stainless steel grades 
– effects of protein adsorption, surface changes and metal release. submitted. 
72. Omanovic, S.; Roscoe, S. G., Electrochemical studies of the 
adsorption behavior of bovine serum albumin on stainless steel. Langmuir 1999, 15, 
(23), 8315-8321. 
73. Olanow, C. W., Manganese-induced parkinsonism and Parkinson's 
disease. Annals of the New York Academy of Sciences 2004, 1012, (1), 209-223. 
74. Limbach, L. K.; Wick, P.; Manser, P.; Grass, R. N.; Bruinink, A.; 
Stark, W. J., Exposure of engineered nanoparticles to human lung epithelial cells:  
Influence of chemical composition and catalytic activity on oxidative stress. 
Environmental Science & Technology 2007, 41, (11), 4158-4163. 
75. Cao, Y.; Yang, H.; Ai, X.; Xiao, L., The mechanism of oxygen 
reduction on MnO2-catalyzed air cathode in alkaline solution. Journal of 
Electroanalytical Chemistry 2003, 557, 127-134. 
76. Lima, F. H. B.; Calegaro, M. L.; Ticianelli, E. A., Investigations of 
the catalytic properties of manganese oxides for the oxygen reduction reaction in 
alkaline media. Journal of Electroanalytical Chemistry 2006, 590, (2), 152-160. 
77. Dyg, S.; Anglov, T.; Christensen, J. M., Preparation of filters loaded 
with welding dust. A homogeneity and stability study of hexavalent chromium. 
Analytica Chimica Acta 1994, 286, (3), 273-282. 
78. Antonini, J.; Roberts, J.; Stone, S.; Chen, B.; Schwegler-Berry, D.; 
Chapman, R.; Zeidler-Erdely, P.; Andrews, R.; Frazer, D., Persistence of deposited 
metals in the lungs after stainless steel and mild steel welding fume inhalation in rats. 
Archives of Toxicology 2011, 85, (5), 487-498. 
79. Antonini, J. M.; Lawryk, N. J.; Murthy, G. G. K.; Brain, J. D., Effect 
of welding fume solubility on lung macrophage viability and function in vitro. 
Journal of Toxicology and Environmental Health, Part A 1999, 58, (6), 343-363. 
80. Antonini, J. M.; Lewis, A. B.; Roberts, J. R.; Whaley, D. A., 
Pulmonary effects of welding fumes: Review of worker and experimental animal 
studies. American Journal of Industrial Medicine 2003, 43, (4), 350-360. 
81. Erdely, A.; Hulderman, T.; Salmen-Muniz, R.; Liston, A.; Zeidler-
Erdely, P. C.; Chen, B. T.; Stone, S.; Frazer, D. G.; Antonini, J. M.; Simeonova, P. 



37 
 

P., Inhalation exposure of gas-metal arc stainless steel welding fume increased 
atherosclerotic lesions in apolipoprotein E knockout mice. Toxicology Letters 2011, 
204, (1), 12-16. 
82. Konarski, P.; Iwanejko, I.; Ćwil, M., Core–shell morphology of 
welding fume micro- and nanoparticles. Vacuum 2003, 70, (2–3), 385-389. 
83. Vercoutere, K.; Cornelis, R.; Dyg, S.; Mees, L.; Molin Christensen, 
J.; Byrialsen, K.; Aaen, B.; Quevauviller, P., Cr(III) and Cr(VI) speciation 
measurements in environmental reference materials. Microchimica Acta 1996, 123, 
(1), 109-117. 
84. Midander, K.; Cronholm, P.; Karlsson, H. L.; Elihn, K.; Möller, L.; 
Leygraf, C.; Odnevall Wallinder, I., Surface characteristics, copper release, and 
toxicity of nano- and micrometer-sized copper and copper(II) oxide particles: A 
cross-disciplinary study. Small 2009, 5, (3), 389-399. 
85. Karlsson, H. L.; Cronholm, P.; Hedberg, Y.; M.Tornberg; Battice, 
L.; Svedhem, S.; Odnevall Wallinder, I., Cell membrane damage and protein 
interaction of copper containing nanoparticles: surface- and metal release dependent 
effects. submitted. 
86. Powers, K. W.; Brown, S. C.; Krishna, V. B.; Wasdo, S. C.; 
Moudgil, B. M.; Roberts, S. M., Research strategies for safety evaluation of 
nanomaterials. Part VI. Characterization of nanoscale particles for toxicological 
evaluation. Toxicological Sciences 2006, 90, (2), 296-303. 
87. Powers, K. W.; Palazuelos, M.; Moudgil, B. M.; Roberts, S. M., 
Characterization of the size, shape, and state of dispersion of nanoparticles for 
toxicological studies. Nanotoxicology 2007, 1, (1), 42 - 51. 
88. Stone, V.; Nowack, B.; Baun, A.; van den Brink, N.; von der 
Kammer, F.; Dusinska, M.; Handy, R.; Hankin, S.; Hassellöv, M.; Joner, E.; 
Fernandes, T. F., Nanomaterials for environmental studies: Classification, reference 
material issues, and strategies for physico-chemical characterisation. Science of the 
Total Environment 2010, 408, (7), 1745-1754. 
89. Warheit, D. B., How meaningful are the results of nanotoxicity 
studies in the absence of adequate material characterization? Toxicological Sciences 
2008, 101, (2), 183-185. 
90. Mossman, B.; Borm, P.; Castranova, V.; Costa, D.; Donaldson, K.; 
Kleeberger, S., Mechanisms of action of inhaled fibers, particles and nanoparticles in 
lung and cardiovascular diseases. Particle and Fibre Toxicology 2007, 4, (1), 4. 
91. Roduner, E., Size matters: Why nanomaterials are different. 
Chemical Society Reviews 2006, 35, 583-592. 
92. Goodman, J. E.; Prueitt, R. L.; Thakali, S.; Oller, A. R., The nickel 
ion bioavailability model of the carcinogenic potential of nickel-containing 
substances in the lung. Critical Reviews in Toxicology 2011, 41, (2), 142-174. 
93. Muñoz, A.; Costa, M., Elucidating the mechanisms of nickel 
compound uptake: A review of particulate and nano-nickel endocytosis and toxicity. 
Toxicology and Applied Pharmacology 2012, 260, 1-16. 
94. Karlsson, H. L.; Cronholm, P.; Gustafsson, J.; Möller, L., Copper 
oxide nanoparticles are highly toxic: A comparison between metal oxide 



38 
 

nanoparticles and carbon nanotubes. Chemical Research in Toxicology 2008, 21, (9), 
1726-1732. 
 
 


