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ABSTRACT 

Knowledge on metal release processes from stainless steel powder, which can be potentially 
inhaled at occupational settings, is essential within the framework of human health and 
environmental risk assessments. An in-depth knowledge concerning powder history, physical 
properties of particles (e.g. size, morphology, and active surface area) combined with their 
chemical properties (such as the chemical composition of the particles and their metal release 
behavior) is needed for better understanding of the interaction mechanisms between metal 
powders and humans. So far, limited in vitro and in vivo studies exist that assess the 
correlation between stainless steel surface properties, protein adsorption effects, and metal 
release processes. The aim of this study is to add information to fill this knowledge gap 
through in vitro investigations of protein-induced metal release (iron, nickel, chromium, and 
manganese) and induced surface changes of five differently sized and/or produced (water-
atomized (WA) and gas-atomized (GA)) stainless steel powder particles (three austenitic: 
AISI 316L, 310B, and 304B; one martensitic: AISI 410L; and one ferritic: AISI 430L) after 
exposure up to one week into a phosphate buffer saline (PBS) solution of pH 7.2-7.4 
containing either lysozyme (LYS) or bovine serum albumin (BSA). The results show that the 
outmost surface oxide composition of the powders strongly depends on the production 
method and particle size. Gas-atomized 316L powder particles (with spherical shapes) 
indicated a high relative manganese content in their surface oxide (more significant in the 
case of 316L particles sized <4µm), while no manganese compounds were detectable in the 
surface oxide of water-atomized powders (of irregular particle shapes). Although austenitic 
stainless steels should present non-magnetic properties, the investigation of magnetic 
properties indicated that differently sized gas-atomized 316L particles and water-atomized 
304B were to some extent ferromagnetic suggesting the presence of ferrite. BSA induced a 
significant enrichment of chromium in the surface oxide of all investigated powders 
(especially for ferritic WA430L and austenitic WA316L), except in the case of 316L powders 
(<4µm) showing no significant change. Metal release studies illustrated that both proteins 
enhanced the amount of released metal, with a preferential iron release from water-atomized 
particles and manganese release from gas-atomized powders. BSA-containing medium 
induced the highest extent of metal release in comparison with other tested biological media 
(up to 35-fold increase in the case of ferritic 430L particles produced by water atomization). 
Comparison between the metal release behavior of particulate and massive stainless steel 
indicated a significantly higher extent of metal released from abraded stainless steel sheets 
compared with particles, which is most probably an effect of freshly abraded surfaces of the 
massive metal sheets, not true for the particles with aged surface oxides, along with the 
presence of higher relative chromium content in the surface oxide. 
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CHAPTER 1 INTRODUCTION 

1.1. BASICS AND BACKGROUND 
 

Stainless steels are alloys of iron containing a minimum of approximately 11wt% chromium 
[1] and are often used in a large number of protein-containing environments such as in 
biomedical applications, marine-, and food-settings where the interaction between proteins 
and interfaces is of great importance [2]. Due to the complex structure, charge distribution 
and amphiphilic nature of proteins, they have a strong tendency to adsorb at different 
interfaces [3]. Since metal release from stainless steels can cause potential adverse health 
effects induced on human health and the environment [4-6], several investigations with focus 
on the metal release process for stainless steel particles in the presence of proteins or 
complexing agents have been conducted [4-9]. In addition, in-depth knowledge of the 
chemical (chemical composition and crystallographic structure) and physical factors (size and 
shape of particles) that can underlie toxicity induced by powder particles is highly needed in 
order to understand relative risks due to the exposure to different kinds of stainless steels 
powders [10-11].  

Up to now, limited metal release knowledge exists on the effects of both proteins and 
physico- chemical properties of metal particles. The aim of this study is to improve this 
knowledge gap by providing a detailed investigation of the correlation between proteins 
(bovine serum albumin (BSA) and lysozyme (LYS-from hen egg white) with different 
adsorption mechanisms, charge and size) and metal release of iron, chromium, nickel, and 
manganese, from a range of different stainless steel powders (three austenitic: AISI 316L, 
310B, and 304B, one martensitic: AISI 410L, and one ferritic: AISI 430L) produced by water- 
or gas-atomization processes in phosphate buffer saline (PBS) solution with a pH range of 
7.2-7.4 (a standard physiological solution in medicine and biological research). 

1.2. STAINLESS STEELS: HISTORY AND CATEGORIES 

Stainless steel is a noticeable achievement of modern metallurgy and its history is built on the 
shoulders of many (e.g. N.L. Vauquelin (1753-1829), L. Guillet (1873-1946), and H. Brearley 
(1871-1940)). It was discovered in the 18th and 19th centuries when the identification of 
chromium as an element began (in 1798, the world’s first piece of chromium metal was 
presented to the French Academy by the French chemist N.L. Vauquelin) [12]. Stainless 
steels are called “stainless” since its chromium amount prevents the rust formation in 
unpolluted atmospheres [1] due to the formation of a thin chromium-rich passive oxide (1-3 
nm) [13] which has no effects on the natural brightness of the steel, but can effectively 
separate the metal from its surrounding medium [14] and is self-healing in a wide range of 
environments [1]. 

Nowadays more than 180 different alloys are placed in the stainless steel group, and each year 
modification of existing ones and new ones appear [1]. Chromium is present as the essential 
element in stainless steel to form and stabilize the passive film and increasing the chromium 
content greatly improves the passive film stability. Other alloying elements can influence the 
chromium effectiveness in forming or maintaining the film, e.g. nickel can promote re-
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passivation, especially in reducing environments, and molybdenum causes the passive film 
stabilization in the presence of chlorides [14].  

There are several systems available for identification of individual stainless steels, based on 
their elemental compositions, such as the American Iron and Steel Institute (AISI) system [1, 
14] in which the grades of stainless steels are designated by three-digit series. In this system, 
the austenitic grades are identified by numbers in 200 (nickel-manganese -nitrogen stainless 
steels having high manganese content (> 2 wt%)) and 300 (nickel stainless steels) series, and 
ferritic and martensitic grades are designated by numbers in the 400 series [1]. 

Stainless steels are commonly divided into four categories based on their microstructure: 
martensitic, ferritic, austenitic, and duplex stainless steels briefly discussed below [15]. 

1.2.1. Martensitic stainless steels 
Martensitic stainless steels are essentially alloys of chromium and carbon possessing a 
distorted body-centered cubic (bcc) crystal structure. Martensitic stainless steels are 
ferromagnetic, hardenable by heat treatments, and are generally corrosion resistant only in 
relatively mild environments. Their chromium content is in the range of 10.5-18 wt%, and 
carbon content can exceed 1.2wt%. To ensure a martensitic structure after hardening, the 
chromium and carbon contents are balanced. To increase wear resistance or to maintain 
cutting edges, for example in the case of knife blades, excess carbides may be present as well. 
Elements such as silicon can be added to modify the tempering response after hardening. 
Small amounts of nickel may also be added to increase corrosion resistance in some media 
and to improve toughness. Sulfur or selenium can be added to some grades to improve 
machinability [15]. 

1.2.2. Ferritic stainless steels 
Ferritic stainless steels are essentially chromium containing alloys (with 10.5 to 30 wt% 
chromium content) with bcc crystal structures [15] and good soft magnet properties [16] (soft 
magnet materials can easily be magnetized and demagnetized, whilst hard magnet materials 
are permanent magnets tend to stay magnetized [17]). Some grades may have other elements 
such as silicon, and aluminum to confer specific characteristics. Their machinability can be 
improved by adding sulfur or selenium as well. Although they have good ductility and 
formability, their high-temperature strengths are relatively poor compared to the austenitic 
grades [15]. 

1.2.3. Austenitic stainless steels 
Austenitic stainless steels have a face-centered cubic (fcc) structure and contain austenite-
stabilizing elements such as nickel, and manganese, and their chromium content is 16-26 
wt%, nickel up to about 35 wt%, and manganese up to 15 wt%, with good high-temperature 
strength. These steels are essentially paramagnetic in the annealed, fully austenitic condition 
[18] and can be hardened only by cold working [15]. Elements such as molybdenum, copper, 
silicon, and aluminum may be added to confer certain characteristics like oxidation resistance. 
Sulfur or selenium can be added to certain grades to increase machinability [15]. 
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1.2.4. Duplex (ferritic-austenitic) stainless steels 
Duplex stainless steels have a mixed structure of bcc ferrite and fcc austenite and contain 
chromium and nickel as main alloying elements, but nitrogen, molybdenum, copper, silicon, 
and tungsten may be added to control structural balance and to obtain certain corrosion-
resistance characteristics. The corrosion resistance is comparable to that of austenitic stainless 
steels by considering similar alloying contents. However, duplex stainless steels have higher 
tensile, yield strengths and improved resistance to stress-corrosion cracking in comparison 
with austenitic stainless steels [15]. 
 

1.3. STAINLESS STEEL POWDER PRODUCTION 
 

From a general point of view, atomization is the breakup of a liquid into fine droplets and is 
the dominant method for producing metal and pre-alloyed powders from any material 
available in liquid form [19].  

1.3.1. Gas atomization 
In gas atomization production processes, the liquid metal is disrupted by a high-velocity gas 
such as air, nitrogen, argon, or helium and atomization occurs by kinetic energy transfer from 
the atomizing medium to the metal. The dominant factor controlling particle size is the gas-to-
metal ratio (median particle size is related inversely to the square root of the gas-to-metal 
ratio) [16]. 

1.3.2. Water atomization  
In terms of tonnage, low-cost production, and operational safety, [19] water atomization is 
now the dominant mode of production for low alloy steel and sintered stainless steel powders 
[21]. In this method, the molten metal is poured and the metal stream disintegrated into fine 
droplets by the high-velocity water jets [19]. 

1.3.3. Difference between water-atomized and gas-atomized particles 
The basic difference among gas-atomized and water-atomized particle production is that gas 
atomization will yield spherical particles, while water atomization will produce angular 
particles [15, 19] (due to lower gas heat-carrying capacity compared to water [19]) of 
significant higher surface oxygen content. The angular water-atomized particles can be cold- 
pressed to provide a compact shape having sufficient mechanical strength to be handled and 
processed directly, while the spherical particles produced by gas atomization must be 
encapsulated prior to densification [15, 19].  

The particle production method [22] and solidification structure [22] can significantly 
influence the surface oxide film formed on powder particles of stainless steel [22, 23]. For 
instance, gas-atomized low-alloyed stainless steel powders, with 12 wt% chromium content in 
the bulk alloy composition, have a high chromium and manganese content in their surface 
oxide [22]. Studies on water-atomized 304L particles have indicated that silicon dioxide is the 
dominant surface oxide compared to manganese, chromium, and iron oxides [21]. This can be 
explained by a high cooling rate of particles produced by the water atomization process, 
which results in a surface oxide rich in the stronger oxide-forming element silicon [21] 
(according to Ellingham diagram, silicon has the highest oxygen affinity in comparison with 
manganese, chromium, and iron) [24].  
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1.4. LYSOZYME AND BOVINE SERUM ALBUMIN 

Lysozyme and albumin are relevant proteins for the inhalation and dermal exposure route [4], 
and both placed in the category of globular proteins [25]. LYS is a rather compact ellipsoidal-
shape protein [3, 25] having high internal conformation stability [4] with approximate 
dimensions of 4.5x3x3 nm3 [3, 4, 25], a molecular weight of 14.1 kDa [4], is present in almost 
all body fluids with 7-13 mgL-1 concentration in serum and has the highest content of tear 
fluid (about 1.2 gL-1) [26]. It contains 7-10 carboxylic groups and 17-19 amine groups with a 
net positive charge at pH 7.4 [27]. BSA is a globular protein having a lower conformational 
stability in solutions compared to LYS [4, 25] present in serum at high concentrations (30- 50 
gL-1), corresponding to around 60% of the total extent of protein in serum, with 
approximately 66 kDa molecular weight and 8x3x3 nm3dimension [4] containing 143 
carboxylic groups and 101 amine groups and has a net negative charge at biological pH (pH 
6-8) [27].  

The BSA structure can change with the solution conditions and rather large-scale structural 
changes of the protein may occur due to the adsorption [25]. Figure 1 presents a schematic of 
these proteins used in this study showing a considerable difference between their overall size 
and shape [25]. 
 

 
(a)                                                    (b) 

Figure 1. Schematic of proteins investigated, (a) Lysozyme, LYS, (b) bovine serum albumin, 
BSA [25] 

1.5. METAL RELEASE OF STAINLESS STEELS IN SYNTHETIC BODY FLUIDS 
 

Characterization of both physical properties, e.g., particle size, and chemical properties, e.g., 
chemical composition, of particles is important for the understanding of the interaction 
mechanisms between metal particles and the human body as well as their potential adverse 
effects on human health [10]. The corrosion resistance of stainless steels has been studied in 
different media [28]. Total release rates of alloy constituents from stainless steels in different 
corrosive test solutions vary considerably, from less than 0.3 to 3.4 x104 mgm-2y-1 [29, 30]; 
however, few studies exist about the release rates of individual alloy constituents, including 
chromium, iron, manganese and nickel, from stainless steels powder particles into body fluids 
[28, 30].  

1.5.1. Different ways of human exposure to stainless steel powders  
Human exposure to stainless steel particles can be through the main routes, that is oral 
(ingestion), dermal (skin contact), and/or inhalation [31]. Therefore, stainless steel particles 
may come into contact with a wide range of body fluids such as sweat, 
blood/plasma/lymphatic, and respiratory tract fluids [14, 28, 30, 31, 32]. Three main groups of 
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aerosol particles correlated to respiratory health and respiratory tract area have been defined 
including: inhalable particles <100µm, which can penetrate through the mouth and nose, 
thoracic particles <11µm, that can penetrate past the larynx, and small respirable particles 
<5µm, which can reach the alveolar region of the lung and cause an inflammatory response 
[33]. Several investigations on metal release rate of stainless steel, ferrochromium, and 
chromium metal particles simulating human inhalation, in the presence of proteins or 
complexing agents have been performed due to the large number of metallic particles 
originating from industry that humans were and are exposed to [5, 31, 32]. Occupational 
studies from stainless steel industries show some lung accumulation of particles and 
respiratory symptoms at special work places along the production line [34] and long term 
daily exposures to low concentration amounts of chromium(III)-containing dust and fumes 
causing increasing respiratory problems, phlegm, breath shortness and breathlessness on 
exertion [35]. However, no lung cancer or severe changes of respiration were observed in any 
of these studies [36, 37]. 

1.5.2. Effects of proteins on metal release from stainless steel  
Proteins present in body fluids can act as electrolytes [38] and influence the metal corrosion 
behavior [39]. They can adsorb on solid surfaces, such as biomedical implants, and mediate 
between the cells and metal surface interactions [40]. Different studies have been performed 
in order to investigate the influence of proteins [4, 41, 42, 43] or complexing agents [20, 32] 
on metal release behavior of various metals and alloys. For example, studies on stainless 
steels [4, 41, 32, 38, 43] and pure metals [4, 38, 42], suggested that proteins and complexing 
agents can either accelerate [4, 20, 32, 38, 41, 42] (e.g. by surface complexation between 
proteins and metal atoms [41, 42]), or reduce [43] (for example, proteins can cause metal 
release inhibition by adsorption on the surface of metals as rigid layers [43, 44]) the released 
amounts of constituent alloying elements. More detailed information concerning possible 
mechanisms for protein-induced metal release from stainless steels is presented in Chapter 3-
Results and Discussion, section 3.4.     

1.5.3. Effects of pH on metal release from stainless steel particles and protein adsorption 
Changes in pH of body fluids are minor since these fluids are buffered solutions and usually 
in the range between 7.0 and 7.35. However, due to the implantation into a hard tissue (for 
stainless steel implants), observations showed that the pH decreased to approximately 5.2 for 
two weeks (then recovers to 7.4) [38]. The pH can have a direct (dissolution by protonation) 
[45] or indirect (by changing the amount of complexing agents or protein adsorption) effect 
on metal release [46]. Solution pH can also alter the surface charge of the substrate [40, 47]. 
For instance, in the case of 316L stainless steels [41], in the pH range of 3 and 4, the surface 
charge of stainless steel was approximately zero; however whereas it was negatively charged, 
-100 mV, at pH 7.4 [41]. Studies on pure chromium particles also suggested a net positively 
charged surface of substrate at pH 4 and a net negatively charged at pH 5.6 and 7.4 [4] The 
net charge of the proteins can also be altered by changes in pH [40, 47], e.g. at pH < 4.7-4.9 at 
25°C, BSA is positively charged, while at pH > 4.7-4.9, it is negatively charged [40]. Studies 
on the mechanisms of metal release from inhaled metal particles in the presence of LYS and 
BSA proteins also show that both proteins have high affinities for AISI 316 stainless steel 
when deposited from solutions at pH 4 and pH 7.4. In addition, BSA adsorption was 
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substantially higher at pH 4 compared to pH 7.4 with approximately monolayer coverage at 
pH 7.4, while LYS adsorbed in multilayers at both mentioned pHs. The interaction between 
proteins and stainless steel surfaces was strong due to the irreversible absorption of proteins 
with respect to rinsing [4]. However, studies of albumin adsorption on passivated chromium 
surfaces indicated that the total amounts of adsorbed BSA and its overall thickness is not pH-
dependent. It was shown that pH can only affect the way that adsorbed protein covers the 
surface: at pH <4, a continuous BSA layer with 3.3 ± 0.3 nm, corresponding to a monolayer, 
fully covered the chromium surface. However, at pH ranges between 5.5 and 10, adsorbed 
BSA did not provide a full chromium surface coverage and was present on the chromium 
surface in an island model with significantly higher height (ca. 6.5 nm) [40]. 

1.5.4. Effects of particle size on crystallographic structure and metal release from stainless 
steel particles  
Particle size strongly influences the metal release process [5, 10, 11, 32, 48, 49] and the 
microstructure [48]. Studies on metal release behavior of differently sized 316L particles 
indicated that metal release (normalized to the surface area) from ultra-fine particles (< 4µm) 
is considerably higher compared to coarser particles (< 45µm) into highly complexing media 
(e.g., ALF with pH 4.5 simulating intercellular inflammatory conditions in lung cells [5, 10, 
32, 48] and other citric acid containing solutions [32]), and becomes more significant by 
increasing the complexation capacity of the solution [32]. However, the opposite behavior 
was observed after immersion of the same particles into non-complexing solution (e.g., 
artificial tear fluid with a pH of 8 simulating the lacrimal fluid in the eye, and artificial sweat 
with pH of 6.5 [11], or non-complexing solutions at pH 4.5 [32]). Furthermore, in both 
complexing and non-complexing solutions, more nickel was released from the ultra-fine 
particles (<4µm) compared to the coarser ones [32]. Crystallographic structure investigation 
of differently sized AISI 316L particles indicated that despite similar bulk composition, the 
predominating structure of the finest particle size fraction was ferritic while the larger sized 
particle fraction had the expected austenitic structure [48]. Therefore, more nickel release of 
finer particles may be explained by the lower solubility of nickel in a ferritic structure 
compared to an austenitic one [32]. 

1.5.5. Metal release from stainless steel particles- importance of BET-specific surface area 
The specific BET-surface area (surface area per unit mass) can be measured by the adsorption 
of nitrogen gas and is used for expressing the metal release rates and the amount of released 
metal per unit surface area. This enables comparison of metal release data from differently 
sized particles of different specific surface areas [10]. The surface area depends on several 
factors such as particle size (it increases rapidly with reducing particle size [19]), 
agglomeration and/or aggregation of the particles in nitrogen gas (that can reduce BET-
surface area of particles [10]), particle shape (irregular particle shapes correspond to a larger 
BET-surface area [19]), and porosities present in particles (only open pores can be measured) 
[19]. Generally, particles with larger BET-area have a more electrochemically active surface 
area participating in the corrosion/passive dissolution process, and thus more metals can 
release from them in comparison with particles having smaller BET-areas [42]. However, 
when particles are immersed into a given medium, this value, which is time- and solution-
dependent, usually changes and is hence very different from the real surface area [11]. 
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1.6. TOXICITY OF DIFFERENT ELEMENTS IN STAINLESS STEEL 
 

Metals occurring at low concentrations (in the range of nanograms or micrograms per gram or 
per milliliter) in human body fluids and tissues are typically referred to a group of elements 
called trace elements which are best divided in two categories: the essential and the non-
essential. According to the present knowledge, chromium, iron, manganese, and nickel are 
considered as essential trace elements, the absence of which develops a deficiency syndrome, 
and are mainly responsible for the correct functioning of innumerable enzymatic and 
metabolic reactions. However, it must be mentioned that all the elements are toxic to man if 
they are above a certain level but is also closely related to their chemical form. Table 1 shows 
the approximate values of chromium, iron, manganese, and nickel present in an average adult 
body [50].   

Table 1- Approximate elemental composition of human body with 70 kg body weight [50]  

Elements Relative Atomic 
Mass 

Grams per 70 kg body 
weight 

Iron 56 4.2 
Manganese 55 0.2 

Nickel 58.7 0.01 
Chromium 52 0.005 

Due to human exposure to metal particles (inhalation, ingestion and/or dermal contact [31]), 
alloy constituents can be released into a wide range of body fluids, e.g., sweat, 
blood/plasma/lymphatic, and respiratory tract fluids [14, 28, 30, 31, 32] and may show toxic 
and/or carcinogenic effects [50]. For example, based on literature findings presented in [51], 
small sized particles (< 5µm) of nickel compounds with low solubility can cause cancer if 
their metal ions are allowed to reach the nucleus, do not cause cell death, and possess a long 
clearance time. Highly soluble particles of nickel compounds may be very toxic. However, 
this does not necessarily mean that these particles show carcinogenicity [51]. 

Different forms of chromium, iron, manganese, and nickel in the environment and their 
adverse effects on the human body are briefly discussed below: 

1.6.1. Chromium (Cr) 
Chromium is found in many minerals widely distributed in the earth’s crust and it is 
considered to be essential to a part of the living organisms, e.g., as biologically active 
chromium (BAC) organic complexes, of which deficiency can lead to diabetes and growth 
problems as examples. Chromium exists in all oxidation states (from II to VI), but the species 
of practical relevance are chromium(III) and chromium(VI). Chromium(III) is the most stable 
oxidation state [50] which is insoluble and typically assumed to be non-bioavailable and 
therefore non-toxic [52], while chromium(VI) is stable at certain conditions (in oxygen-
saturated water having pH above 7) [50], highly soluble and a human carcinogen [53, 54]. 

In vitro studies on cellular systems have indicated that the rate of chromium-uptake strongly 
depends on the oxidation state of chromium. Chromium(VI) can easily cross the cell 
membranes and is rapidly reduced to chromium(III) inside the cell [50, 54], whereas 
chromium(III) does not use any special membrane carrier and its entrance into the cell is 
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obtained by less efficient mechanisms such as simple diffusion and chromium(III)-uptake is 
dependent on the nature of ligands it is complexed with [50]. 

A summary of chromium uptake in humans is in the following summarized as made in [11] 
and based on data from [50]: 

Inhalation of chromium can occur in occupational settings. Alveolar macrophages are the 
most active cellular type in the lungs able to reduce chromium(VI) to chromium(III), and 
prevent chromium entrance to the lung cells in its oxidized toxic form. The epithelial lung 
fluid can also cause reduction of chromium(VI) and defend against the carcinogenic form of 
chromium (chromium(VI)). 
The gastro-intestinal (GI) tract is a physiological exposure of humans to chromium where 
chromium is introduced with the diet as chromium(III). Uptake of chromium considerably 
depends on the nature of chromium(III) complexes. Inorganic chromium(III) is poorly 
adsorbed, while chromium(III) complexed to amino acids and other biomolecules is more 
adsorbed. 
Skin contact with chromium can occur in several occupational situations and can cause 
allergic contact dermatitis. Membrane permeability to chromium(VI) allows more chromium 
to enter and to be reduced compared with the case of direct contact with chromium(III) 
compounds. It can also result in allergic effects. Different studies have shown that chromium 
complexes of higher water solubility are carcinogenic in contrast with less water soluble 
complexes being non-carcinogenic .  
Blood can transfer and distribute adsorbed chromium to tissues and organs. The highest levels 
of chromium are found in liver, kidneys, spleen, and lungs. Chromium(III) is bound to plasma 
proteins while chromium(VI) is accumulated inside the red blood cells and reduced to 
chromium(III). 

1.6.2. Iron (Fe) 
Iron is the fourth most abundant element in the earth crust, [50, 54] and an extremely useful 
metal of generally low toxicity. Iron can also be highly toxic to cellular constituents when 
present in excess (>200 mgday-1): “a high intake of iron, especially in combination with high 
manganese intake, may be related to an increased risk for Parkinson’s disease” [55]. It can 
catalyze hydroxyl radical production and cause lung damage for instance. On the other hand, 
hundreds of millions of people, mainly infants and menstruating or pregnant women, suffer 
from iron deficiency resulting in for example the depletion of essential tissue enzymes [50].  

Iron is a reactive metal, but it can be stable in dry air and CO2-free water due to the presence 
of iron oxide on its surface preventing further oxidation. In biological environments iron is 
oxidized first to the ferrous form (Fe2+) and then to the ferric form (Fe3+). In aqueous 
solutions iron can be present as Fe2+, Fe3+, or organic ferrous and ferric complexes. Under 
aerobic conditions, when the pH reaches neutrality, the ferric form of inorganic salts is by far 
the most common one and all ferrous iron is oxidized and converted into the ferric form. 
Ferric hydroxide is only very poorly bioavailable [50]. 

Iron-uptake in the human body can take place upon digestion of food such as meat, fish, and 
vegetables. Iron absorption mainly depends on the need of iron in the body, but it can be 
blocked by food preservatives such as phosphates, or increased by certain amino acids [50]. 
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1.6.3. Manganese (Mn) 
Manganese is an abundant element in its inorganic species, an essential trace element for all 
living beings and in its occurring concentrations hardly toxic, but may induce neurotoxicity 
(similar to Parkinson’s disease) [56]. Large doses of manganese can be tolerated without 
injury and it acts as a cofactor for the activation of some enzymes [50]. There is no data 
indicating that manganese will cause cancer in humans [54], but lack of manganese can, for 
instance, cause deficiencies in hair growth. Its known synthetic compounds are in nearly all 
valence stages between -3 and +7 and it mostly exists in the oxidation stage +2 in natural 
salts, and in MnO2 with valance +4, which is a poorly water-soluble compound [50].  

Manganese-uptake in the human body can be a result of inhalation of manganese oxides 
produced during mining, crushing, and steel production or ingestion of food. Inhalation of 
manganese in quantities of more than 100 mgday-1 during several months or years can cause 
serious diseases. The normal manganese concentration in blood reaches levels up to 10µgL-1 
[50].  

1.6.4. Nickel (Ni) 
Nickel is widely distributed in the human environment and exists in oxidation states of -1, 0, 
+1, +2, +3, and +4, but its prevalent valences are 0 and +2 in nickel metal and its alloys. Most 
nickel compounds are relatively soluble at pH < 6.5, while nickel exists mainly as insoluble 
nickel hydroxides at pH > 6.7 [50]. Based on EC (European Commission) classification in 
2008, nickel metals and oxides may breed different adverse effects, of which a summary is 
presented in [51] and shown below:  

For nickel metal:  

Category 1- may cause skin sensitisation, 
Category 2- may cause cancer.  

And in the case of nickel oxide (NiO): 

Category 1Ai - may cause cancer due to inhalation 
Category 1- may cause skin sensitisation 
Category 4- may have long term adverse effects to aquatic life 

Generally, to understand the biological effects of nickel, three different groups of nickel 
compounds must be considered including: inorganic water-soluble, inorganic water-insoluble 
and organic lipid-soluble nickel compounds. Inorganic water-soluble nickel compounds 
present as Ni2+ are relatively non-toxic for plants, fishes and mammals. However, potential 
adverse effects, such as nickel dermatitis and respiratory tract irritation occur after skin 
contact and inhalation in humans. Inorganic water-insoluble nickel compounds, such as nickel 
sulfides and oxides, can increase the risks of respiratory tract cancers among workers in nickel 
refineries due to the inhalation of dusts or fumes from industrial operations [50] and cause 
cancer to the lungs and nasal sinuses [54]. In the group of organic lipid-soluble nickel 
compounds, nickel carbonyl (Ni(CO)4) is the most important compound which is an 
extremely toxic vapor rapidly adsorbed via inhalation and can penetrate cell membrane and 
traverse the blood-brain barrier. Nickel carbonyl can be inadvertently formed in industrial 
processes, like petroleum refining, using nickel catalysts [50].  
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In the human body, nickel absorption is often due to inhalation, ingestion, and/or skin contact 
and is mainly transported by means of albumin [54]. 
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CHAPTER 2 EXPERIMENTAL PROCEDURE DESCRIPTION 

The work described in this study was all done under laboratory conditions in order to  
investigate the protein-induced metal release (iron, nickel, chromium, and manganese) from a 
kinetic point of view (from 2 hours up to one week) for five different stainless steel particles 
(three austenitic: AISI 316L, 310B, and 304B, one martensitic: AISI 410L, and one ferritic: 
AISI 430L) produced by water- or gas-atomization processes in a phosphate buffer saline 
(PBS) solution of pH 7.2-7.4 containing either lysozyme (LYS) or bovine serum albumin 
(BSA). Total metal release concentration analysis was performed by means of atomic 
absorption spectroscopy (AAS) and changes in composition of the outermost surface of the 
employed particles were analyzed via x-ray photoelectron spectroscopy (XPS). Morphology, 
particle size distribution and BET- area were investigated by means of SEM-EDS, low angel 
laser light scattering (LALLS), and Brunauer-Emmet-Teller method respectively. Magnetic 
properties of the particles were investigated by using a strong magnet. 

2.1. MATERIALS  

The materials used in this study were seven grades of stainless steel particles of varying size 
and microstructure. Table 2 presents the approximate size, microstructure, and chemical 
composition of investigated particles and Table 3 shows resistance of standard types of 
employed stainless steels to various common media [15]. 

Table 2- general information about the size, microstructure, and chemical composition (based 
on the supplier information) of different stainless steel powders investigated. 

Stainless 
steel 

grade 
(AISI) 

Approx. 
size 

Production 
method* 

structure** Fe 
(wt%) 

Cr 
(wt%) 

Ni 
(wt%) 

C 
(wt%) 

Si 
(wt%) 

Mo 
(wt%) 

Mn 
(wt%) 

S 
(wt%) 

Cu 
(wt%) 

316L <45 µm GA Austenitic 68.90 16.80 10.30 0.03 0.50 2.10 1.40 0.01 - 
316L <4 µm GA Austenitic† 65.50 18.50 11.60 0.05 0.65 2.30 1.40 0.008 - 
316L <45 µm WA Austenitic 66.36 17.13 13.14 0.02 0.86 2.30 0.11 0.008 0.05 
310B <53 µm WA Austenitic 53.26 24.36 19.58 0.02 2.54 0.04 0.18 0.008 0.01 
304B <45 µm WA Austenitic 67.07 19.04 11.43 0.02 2.26 0.02 0.15 0.007 0.001 
410L <45 µm WA Martensitic 86.64 12.13 0.23 0.02 0.80 0.03 0.15 0.009 0.002 
430L <45 µm WA Ferritic 82.65 16.04 0.08 0.01 1.08 0.001 0.12 0.009 0.004 

*GA=Gas-Atomized, WA= Water-Atomized 
 ** [57, 15] 
† Studies on the crystallographic structure of GA316L <4µm particles suggested a predominating ferritic structure [48]  

Table 3- Resistance of employed stainless steels to various common media [15] 

 Type 
Mild atmospheric 

and 
fresh water 

Atmospheric Salt 
water 

Chemical 

Industrial Marine Mild Oxidizing Reducing 

Austenitic stainless steels 
316L + + + + + + + 
310 + + + - + + - 
304 + + + - + + - 

Ferritic stainless steels 
430 + + - - + + - 

Martensitic stainless steels 
410 + - - - + - - 
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2.1.1. BET-specific surface area 
The specific surface area per weight (m2g-1) was measured via Brunauer-Emmet-Teller 
method, BET-analysis [58], by adsorption of nitrogen at the surface at cryogenic condition 
using a Micromeritics Gemini V instrument. Nitrogen adsorption is pressure-dependent and 
was determined at five different partial pressures (p/p0 0.10-0.25). The particles were dried 
with nitrogen and then flushed in a tube for 30 minutes at 150°C. The measured BET results 
are illustrated in Table 4. 

Table 4. Measured BET area (m²g-1) of the different tested stainless steel powders, with a 
standard deviation of less than 1%. 

Investigated stainless steel 
powders 

BET [m2g-1] 

GA316L<4 µm 0.700 
GA316L<45 µm 0.069 
WA316L<45 µm 0.087 
WA310B<53 µm 0.106 
WA304B<45 µm 0.081 
WA410L<45 µm 0.097 
WA430L<45 µm 0.088 

2.1.2. Particle size distribution 
Particle size distribution measurements were performed in Phosphate Buffered Saline (PBS) 
solution (8.77 gL-1 NaCl, 1.28 gL-1 Na2HPO4, and 1.36 gL-1 KH2PO4, adjusted with 370µLL-1 
50% NaOH, pH 7.2-7.4) by means of Low angle laser light scattering (LALLS) using a 
Malvern Mastersizer 2000 equipment with a Hydro SM dispersion unit. Triplicate 
measurements and duplicate samples were measured, in total 6 measurements for each 
powder. The results are indicated as mean values and standard deviations, both in terms of 
volume mass% and number%. 

2.1.3. Magnetic properties investigation 
The Magnetic properties of the employed particles were investigated by moving a strong 
round magnet (with 2.5 cm diameter) upwards on the outside of the vessel wall containing the 
stainless steel particles and checking how many particles were attached.  

2.2. BIOACCESSIBILITY STUDIES 

Metal release from seven different grades of stainless steel powder particles were performed 
by immersing a specific loading of the powders (100 mgL-1: 5 mg/50 mL) in three different 
solutions for exposures of 2, 4, 8, 24 and 168 h for the GA316L<4µm, GA316L<45µm, 
WA304B<45µm, and WA430L<45µm powders, and exposures of 2 and 168 h for the 
WA316L<45µm, WA310B<53µm, and WA410L<45µm powders. The loading of 100 mgL-1 
is suggested by the OECD transformation/dissolution protocol for aquatic acute tests [59] and 
has previously been proven suitable to prevent extensive particle agglomeration, compared 
with higher amounts of particle loadings [33, 60, 61, 62]. Phosphate Buffered Saline (PBS) 
Solution, containing 8.77 gL-1 NaCl, 1.28 gL-1 Na2HPO4, and 1.36 gL-1 KH2PO4 adjusted to 
pH 7.2-7.4 using 50%NaOH, was used as the background solution which is a standard 
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physiological solution that mimics the ion strength of human blood serum. It is widely used in 
medicine and biological research as a test solution under simulated physiological conditions 
[31]. Two other solutions were investigated containing LYS and BSA proteins dissolved into 
PBS solution to 2.2 gL-1 and 10 gL-1 concentrations, respectively. This was done at least 1 h 
prior to the measurements to equilibrate. All samples were immersed in acid-cleaned 
polymethylpentene (PMP) Nalgene jars placed in a Stuart platform-rocker incubator with 
bilinear shaking of 25 cycles/min and temperature adjusted to 37°C ± 0.5°C. This mild bi-
linear shaking set-up has previously been found to be an advantage in order to avoid particle 
agglomeration and additional erosion-induced metal release [33]. One blank sample, without 
any particles, and triplicate particle samples were incubated for each grade of particles, 
solution, and time period. After immersion, the upper part of the test solution was decanted 
into a 15 mL centrifuging tube and centrifuged at 3000 rpm (704 g) for 10 min to separate the 
particles from the solution. Any floating particles on the solution surface were carefully 
removed by pasteur pipettes before pouring the supernatant particle-free solution from the 
centrifuging tubes into a storage vessel. Some of the solution samples were also analyzed by 
PCCS to ensure efficient particle separation. Finally, approximately 55-68 µL of 65% 
ultrapure HNO3 was added to the samples to reduce the pH to below 2, a standard procedure 
for metal solution analysis. 
All tools and vessels were acid-cleaned in 10% HNO3 for at least 24 h, rinsed four times in 
ultrapure water (18 MΩcm), and dried in ambient laboratory air. All chemicals used were of 
analytical grade (p.a.) or puriss p.a. grade (in the case of nitric acid used for acidification of 
the samples). 

The pH of the solutions was measured in all test solutions before and after exposure and its 
change was less than 0.31 in all cases.  

2.3. METAL RELEASE ANALYSIS 

2.3.1. Atomic absorption spectroscopy, AAS 
Atomic absorption spectroscopy, AAS, is a principal tool of analytical chemistry due to its 
high sensitivity and ability to distinguish one element from another in a complex sample [63]. 
The technique is based on the capacity of an atom to adsorb very specific wavelengths of light 
[64]. In this method, a substance is decomposed into atoms in a flame, for high concentrations 
(mgL-1), or furnace, for low concentrations (µgL-1). The quantity of each element is measured 
by absorption of light from the gaseous atoms by using Beer’s law [63, 64].    

Generally, every absorption spectrometer contains three basic components: a light source, a 
sample cell, and a means of specific light measurements (Figure 2). The light source, that can 
be a hollow cathode light for instance, emits the atomic spectrum of a particular element, then 
in the sample cell, the sample, which is introduced into a burner system or electrically heated 
furnace in the optical path of the spectrophotometer, can absorb the emitted light, and in the 
light measurement section, concentrations of atoms in the vapor are measured by the signals 
obtained by the detector system [63, 64]. 
In this study, chromium, nickel, and manganese concentrations of the exposed solutions were 
measured by means of atomic absorption spectroscopy-graphite furnace mode, AAS-GF, in 
which the solution was placed and heated to 2400°C (for nickel measurement), 2300°C (for 
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chromium measurement), and 1900°C (for manganese measurement) in a graphite tube and 
atomized. In addition, iron concentrations of the exposed solutions were analyzed by atomic 
absorption spectroscopy-flame mode, AAS-F, in which the flame results from burning a 
mixture of air and acetylene and heats the solutions to 2400°C for atomization. 

All analyses were based on three replicate readings for each solution sample, and a quality 
control sample with known concentration was consecutively analyzed .The detection limit, the 
concentration that will produce an absorbance signal, defined as three times the standard 
deviation of the blank [64], is presented in Table 5. 

All AAS analysis was performed by a Perkin Elmer AA800 analyst instrument at the division 
of Corrosion Science, KTH. 

 
Figure 2- a schematic of the basic components of the atomic absorption spectrometer [63, 64] 

Table 5- Detection limit of different elements (iron, nickel, chromium, and manganese) in 
three different investigated body fluids (PBS, PBS+BSA, and PBS+LYS)  

 Investigated body fluids 
Elements PBS (µgL-1) PBS+BSA (µgL-1) PBS+LYS (µgL-1) 

Fe 10 13 12 
Ni 18.3 29.2 31.6  
Cr 0.4 0.5 0.7 
Mn 0.4 0.1 0.2 

 

2.4. SURFACE ANALYSIS OF EXPOSED AND UNEXPOSED STAINLESS STEEL 
PARTICLES 

2.4.1. X-ray photoelectron spectroscopy, XPS 
Compositional analysis of the outmost surface  (5-10 nm) of the applied stainless steel 
particles were evaluated by X-ray photoelectron spectroscopy, XPS (UltraDLD spectrometer 
from Kratos Analytical, Manchester, UK) using a monochromatic AlKα X-ray source. 

2.4.2. Scanning electron microscopy and energy dispersive spectroscopy, SEM/EDS 
Surface morphology and bulk composition of the investigated stainless steel particles were 
analyzed using a Gemini Leo 1530 scanning electron microscopy, SEM, with an energy 
dispersive spectroscopy, EDS, application model INCA-energy from LINK, at Swerea Kimab 
AB, Stockholm.  
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2.5. STATISTICAL SIGNIFICANCE TEST 

To verify the significance of a difference between two independent samples with the same 
number of replicates and a known standard deviation and expected value, a so called student 
t-test (for unpaired data with unequal variances) was employed within the program 
KaleidaGraph within which the probability (p-value) that two samples are equal can be 
determined. If the p-value is < 0.05, the difference between two values can be considered as 
significant, while if it is > 0.05, the difference is non-significant [65]. In this study, p-values  
< 0.05, < 0.01, and < 0.001 are identified by (*), (**), and (***) and represent that the 
difference between sample values is significant, very significant, and extremely significant, 
respectively.  
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CHAPTER 3 RESULTS AND DISCUSSION 

3.1. PARTICLES CHARACTERISATION 

3.1.1. Morphology and size  
Morphology of seven different grades of stainless steel powders (three austenitic: AISI 316L, 
310B, and 304B, one martensitic: AISI 410L, and one ferritic: AISI 430L) produced by water- 
or gas-atomization processes are elucidated by means of scanning electron microscopy (SEM) 
images presented in Figure 3. Consistent with literature findings [15, 19], both differently 
sized gas-atomized AISI 316L powder particles reveal spherical morphology while water-
atomized powders have irregular morphology resulting from a lower heat-carrying capacity of 
gas compared to water [19]. The size distribution observed by means of SEM is also in 
agreement with the measured BET specific surface area, presented in Table 3, being 
considerably higher for the smallest sized particles (GA316L<4µm) compared to all other 
particles. 

3.1.2. Chemical composition  
The chemical composition of stainless steel particles was analyzed by means of energy 
dispersive spectroscopy (EDS), represented in Table 6, indicating the presence of oxygen and 
aluminum, and higher amounts of carbon and silicon compared to the data provided by 
suppliers (Table 2) which may be due to the surface contamination and/or the presence of 
dust.  

Table 6- Chemical composition of different employed stainless steel particles analyzed by 
energy dispersive spectroscopy (EDS)  

Investigated 
stainless steel 

particles 

Fe 
(wt%) 

Cr 
(wt%) 

Ni 
(wt%) 

C 
(wt%) 

O 
(wt%) 

Al 
(wt%) 

Si 
(wt%) 

Mo 
(wt%) 

Mn 
(wt%) 

S 
(wt%) 

GA316L<45µm 
* 68.9 16.8 10.3 0.03 - - 0.5 2.1 1.4 0.01 

GA316L<4µm * 65.5 18.5 11.6 0.05 - - 0.65 2.3 1.4 0.008 
WA316L<45µm 63.9 16.8 11.4 2.82 1.87 0.38 0.95 1.82 - - 
WA310B<53µm 47.2 23.6 17.5 5.25 2.73 0.92 2.78 - - - 
WA304B<45µm 59.6 18.1 10.2 5.59 2.77 1.04 2.63 - - - 
WA410L<45µm 73.6 11.5 - 7.07 4.73 1.53 1.55 - - - 
WA430L<45µm 76.0 16.5 - 3.89 1.66 0.68 1.23 - - - 

* GA316L<45µm and GA316L<4µm compositions are based on supplier information 

3.1.3. Particle size distribution  
The particle size distribution was determined by means of Low Angle Laser Light Scattering 
(LALLS) in PBS solution and illustrated in Figure 4 (a: mass (volume) %, b: number %) and 
compiled in Table 7, for all stainless steel particles. 

Based on Figure 4a (mass), the average particle size in solution increased according to the 
following sequence:  

GA316L<4µm < GA316L<45µm < WA316L<45µm = WA310B<53µm = WA304B<45µm = 
WA410L<45µm = WA430L<45µm.  
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Figure 3. SEM images of all investigated stainless steel powder particles (three austenitic: 

AISI 316L, 310B, and 304B, one martensitic: AISI 410L, and one ferritic: AISI 
430L) produced by water- or gas-atomization processes with magnification of 
2000x (20,000x for GA316L<4µm).  
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Figure 4. Particle size distributions of all stainless steel powders (three austenitic: 316L, 304B, and 310B, one martensitic: AISI 410L, and 
one ferritic: AISI 430L) in PBS by means of LALLS expressed as; a) average volume (mass) %, b) average number %. Data is 
based on 6 replicate measurements (2x3) for each particle. 
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In addition, for the GA316L<45µm and WA410L<45µm powders, the number distributions, 
Figure 4b are in good agreement with Figure 3 (SEM images) and confirms the polydisperse 
size distribution of these powders. 

Table 7 shows the median particle diameters (d0.5) and the 10 % (d0.1) and 90% (d0.9) size 
distribution cut-off points, presented as volume (mass) and numbers. For instance in the case 
of the GA316L<4µm powder, d0.1 of 2.25±0.05 µm means that 10% of the volume of the 
powder is smaller or equal to 2.25±0.05 µm.  

Table 7. Particle size distribution of seven different grades of stainless steel powders in 
phosphate buffered saline (PBS) measured by means of LALLS. d0.5 is the median particle 
diameter and d0.1 and d0.9 the 10 % and 90 % size distribution cut off points, respectively, 
shown as volume (mass) and numbers.  

 
Unit 

GA316L 

<4µm 

GA316L 

<45µm 

WA316L 

<45µm 

WA304B 

<45µm 

WA310B 

<53µm 

WA410L 

<45µm 

WA430L 

<45µm 

Volume / 
diameter - µm 

d0.1 2.25 ± 0.05 10.61 ± 0.24  18.46 ± 0.02  17.91 ± 0.08 19.67 ± 0.12  17.22 ± 0.02 19.23 ± 0.07  

d0.5 3.91 ± 0.09 21.37 ± 0.82  35.47 ± 0.12 37.60 ± 0.17 37.50 ± 0.09 35.60 ± 0.04 36.29 ± 0.16 

d0.9 6.63 ± 0.17 38.95 ± 1.52 64.76 ±0.24 72.50 ± 0.25 67.57 ± 0.37 67.46 ± 0.15 65.32 ± 0.26 

Number / 
diameter - µm 

d0.1 1.58 ± 0.03 2.04 ± 0.19 11.08 ± 0.04 8.72 ± 0.03 11.78 ± 0.12 2.82 ± 0.001 11.96 ± 0.03 

d0.5 2.35 ± 0.04 3.74 ± 0.70 17.61 ± 0.03 15.07 ± 0.04 18.81 ± 0.18 4.37 ± 0.04 18.70 ± 0.04 

d0.9 3.97 ± 0.08 14.22 ± 0.61 32.42 ± 0.04 30.25 ± 0.12 34.57 ± 0.23 21.51 ± 0.23 33.91 ± 0.11 

3.1.4. Investigation of magnetic properties 
Magnetic properties of the particles were investigated by using a strong round magnet, 2.5 cm 
in diameter. The powders revealed a decreasing magnetic property according to the following 
order:  

WA410L<45µm ≈ WA430L<45µm > GA316L<4µm > GA316L<45µm > WA304B<45µm,  

WA310B<53µm and WA316L<45µm were almost non-ferromagnetic. The powders of 
WA410L<45µm and WA430L<45µm had, as expected, strong ferromagnetic properties due 
to their martensitic and ferritic crystallographic structure, respectively. Although austenitic 
stainless steels should present non-ferromagnetic properties (para-magnetism), the powders of 
GA316L<4µm, GA316L<45µm, and WA304B <45µm showed to some extent ferromagnetic 
properties, indicative of the presence of ferrite. Previous studies on ultrafine 316L stainless 
steels powder particles (GA316L<45µm and GA316L<4µm) using electron backscatter 
diffraction (EBSD) indicated the presence of ferritic bcc structure, especially in the case of 
GA316L<4µm where the smallest particles revealed a predominantly ferritic structure [48]. 
This is believed to be related to a more favorable kinetic growth of ferrite compared to 
austenite because of the undercooling condition during the particles production [48, 66].  

3.2. EFFECTS OF SIZE AND PRODUCTION METHOD ON BULK AND SURFACE 
COMPOSITION AND METAL RELEASE BEHAVIOR OF STAINLESS STEELS 

Particle characteristics (e.g. particle size, morphology, and surface area) as well as their 
surface properties can be considered as important parameters for the investigation of metal 
powder interactions with biological environments such as the human body, in terms of metal 
release [10, 11]. In this section, the influence of particle size and production method on the 
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bulk and the outermost surface oxide composition, and on the metal release behavior of 
differently-sized and -produced 316L stainless steel powders are discussed (in sections 3.2.1 
and 3.2.2 respectively), and compared with massive 316L stainless steel sheet based on 
literature findings (sections 3.2.3).  

3.2.1. Bulk and surface composition of AISI 316L stainless steel powder particles  
Surface compositional analysis using XPS of differently sized gas-atomized and water-
atomized 316L stainless steel particles (GA316L<4µm, GA316L<45µm, and 
WA316L<45µm), illustrated in Figure 5, clearly shows that: 

- The bulk and surface composition (unexposed and exposed to PBS, and PBS+BSA) are 
strongly different. Despite a similar bulk composition of gas- and water-atomized 316L 
stainless steel particles, the surface oxide composition of the unexposed particles is 
different, especially when comparing the different production types. In addition, the 
surface oxide showed a solution dependency (after one week (168 hours) exposure to PBS 
and PBS+BSA solutions).  

- There is a significantly higher amount of manganese in the surface oxide of gas-atomized 
316L stainless steel particles (GA316L) compared to the bulk composition, in contrast to 
water-atomized 316L stainless steel particles (WA316L), which showed almost no 
detectable manganese in the surface oxide.  

- After exposure of water-atomized 316L stainless steel particles in PBS and PBS+BSA 
solutions, the relative iron content in the surface oxide film decreased, whereas the 
relative chromium content increased. A preferential iron dissolution was previously seen 
in studies by Jung et al [67], thus this behavior may be explained by selective dissolution 
of iron from the stainless steel surface immersed into an aqueous solution due to the 
formation of Fe(OH)aq resulting in surface chromium enrichment [67].  It should also be 
mentioned that if the aqueous medium contains chloride, preferential dissolution of iron 
can be accelerated by formation of iron-chloride complexes, Fe(Cl)aq). Formation of a 
chromium enriched passive film is more pronounced for the protein-containing solution, 
due to local pH changes and surface complex formation induced by BSA [41] (discussed 
in more details in section 3.4).   

- In the case of gas-atomized 316L stainless steel powders the relative manganese content 
in the surface oxide film decreased, independent of media, while the relative iron content 
(for both particle size fractions), and chromium amount (only for coarser sized particles (< 
45µm)), increased. Although these observations are different from the above mentioned 
results in the case of water-atomized particles (no manganese present on surface), this 
behavior can be explained by the preferential dissolution of manganese oxides and/or 
manganese compounds compared to iron and chromium oxides [41], with the result of an 
enrichment of the relative iron and chromium content of the surface oxide.  

- The relative chromium content, (Cr/(Cr+Fe))*100, in the surface oxide of differently sized 
and produced 316L stainless steel particles (and also other investigated water-atomized 
stainless steel particles discussed in details in part 3.3.1) was higher compared to its 
corresponding relative amount of chromium in the bulk. This difference was more 
considerable in the case of water-atomized particles in comparison to gas-atomized ones 
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emphasizing that the surface oxide characteristics of stainless steel particles are highly 
production method-dependent.  

 

 

 
Figure 5. Relative surface composition (mass) of three distinct AISI 316L stainless steel 
powders of different size, <4 µm and <45 µm; and production method, gas-atomized and 
water-atomized, (unexposed (b), exposed to PBS solution (c), and exposed to PBS+BSA 
solution (d)) by XPS compared to the relative bulk composition of Fe, Cr, Ni, and Mn, based 
on supplier information (a)  

The surface oxide composition formed on powder particles of stainless steel mainly depends 
on the particle production method [22] and solidification structure [23]. It differs from the 
surface of massive stainless steels, for example, the surface oxides formed on stainless steel 
particles that contain 12 wt% chromium in the bulk, produced by gas atomization at high 
temperature, are rich in chromium and manganese [22]. The surface oxide composition of 
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stainless steel particles is also affected by the change in cooling rate (dT/dt) with particle size 
(d), dT/dt is proportional to 1/dA with an exponent A in the range of 1.5 to 2 [21]. With 
increasing particle size, the relative iron and chromium content in the surface oxide increases 
(as can be seen in Figure 5, GA316L<45 µm and WA316L<45 µm powders have higher 
amounts of chromium and iron in the surface oxides compared to smaller GA316L<4 µm 
particles), while smaller 316L stainless steel particles have more manganese oxide on the 
surface due to a more rapid cooling rate resulting in a surface oxide enriched in the stronger 
oxide-forming elements [21]. According to the Ellingham diagram, manganese has the 
highest chemical affinity for oxygen compared to chromium, iron, and nickel [24].   

By means of XPS spectra (not shown), and calculated binding energy of iron, chromium, 
nickel, and manganese (Table 8), it is possible to identify the chemical states of these 
elements in the surface oxide of 316L particles. This data suggests that iron was detected both 
in oxidic (peak position centered at approximately 711 eV in the XPS spectra) and metallic 
state (peak position of approx. 707 eV, detectable from XPS spectra) [40, 68], whereas the 
chromium peaks were assigned to Cr2O3, 576.4 ± 0.1 eV, and Cr(OH)3, 577.8 ± 0.1 eV and 
579.0 ± 0.1 eV [40], and the manganese peak position was approx. 642 eV, suggesting an 
oxidic state (due to the very close peak positions between different manganese oxides, it is 
difficult to infer oxide state of manganese from XPS analyses [23]- MnO with peak positions 
of 640.4, 640.9, 641.0, and 641.7 eV, MnO2 with 642.2, 642.4, 642.5, and 642.6 eV, Mn3O4 
with 641.4 eV and Mn2O3 with 641.9 eV [69]). The detection of iron in metallic state suggests 
that the oxide must be thinner than the information depth of XPS (less than 3-5 nm). From the 
XPS spectra peak positions, it can be concluded that chromium only contributed as Cr3+ [23, 
40]. Surface analysis of 316L stainless steels (polished in de-ionized water) indicated the 
presence of oxidic species of iron and chromium (as the outmost surface oxides) and nickel-, 
molybdenum-, and manganese-oxides (that were present in a layer just under the outmost 
surface oxide), with a total oxide thickness of around 3.6 nm, along with a considerable 
amount of OH– suggesting hydration or oxyhydroxidation of surface oxides. [38, 68]. Apart 
from these elements, oxygen (O 1s) and carbon (C 1s) are also identified on the outermost 
surface, not shown in Table 8. According to XPS spectra of oxygen, O2– (with peak positions 
at approximately 530 eV), hydroxide or hydroxyl groups (OH– with peak position of around 
531.8 eV), and adsorbed water (H2O with peak position of approximately 533 eV) could be 
detected [68]. Studies on 316L stainless steels immersed into Hank’s solution (pH 7.4) 
containing no organic species, and Eagle’s minimum essential medium (MEM) contained 
either Fetal bovine serum (FBS) or mouse fibroblast (L929), resulted in decrease and increase 
of the [OH–]/[O2–] ratio, respectively [68]. The increase in OH– on the surface after immersion 
into protein containing solution is due to the protein adsorption on the surface (proteins have a 
certain OH content and can attract OH– near themselves) [68]. The presence of carbon (with a 
clear peak at 285 eV corresponding to C–C, C=C and C–H carbon bonds [40]), for both 
unexposed and exposed to PBS solution particles, is mainly attributed to species adsorbed on 
the particles surface and contamination [23, 40]. After exposure of the particles into BSA 
containing medium, a strong nitrogen signal (approximately 400 eV) appeared and was 
assigned to the presence of adsorbed BSA on the outermost surface oxide [40, 70]. In 
addition, XPS carbon spectra of immersed particles into PBS+BSA solution suggested the 
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presence of C–C, C=C and C–H bonds, 285 ± 0.1 eV, C–N and C–O single bands, 286.4 ± 0.1 
eV, and carboxyl (O=C–O) and amide groups (O=C–N), 288.5 ± 0.1 eV, of which the latter 
two are important for proteins [40]. 

Table 8. Measured binding energies for iron, chromium, nickel, and manganese in the surface 
oxide of differently sized and produced austenitic 316L stainless steel particles by means of 
XPS 

 Binding energy (eV) 

Stainless steel particles Unexposed Exposed to PBS Exposed to PBS+BSA 

GA316L<4µm 
Fe 2p (711.45) 
Cr 2p (575.9) 
Mn 2p (653.2) 

Fe 2p (711.4, 712) 
Cr 2p (576.4, 576.9) 
Mn 2p (642.1, 641.1) 

Fe 2p (711.8, 711.7) 
Cr 2p (576.8, 575.9) 
Mn 2p (641.4, 641.2) 

GA316L<45µm 
Fe 2p (710.75) 
Cr 2p (576.7) 
Mn 2p (650) 

Fe 2p (711.2, 710.6) 
Cr 2p (577.1, 578.3) 

Mn 2p (641.2) 

Fe 2p (711, 710.5) 
Cr 2p (576.4, 576.1) 

 

WA316L<4µm Fe 2p (710.7, 712.2) 
Cr 2p (577.2, 577.7) 

Fe 2p (710.8, 711.6) 
Cr 2p (576.9, 577.8) 

Mn 2p (641.3) 

Cr 2p (577.3, 580.6) 
 

3.2.2. Metal release behavior of 316L stainless steel particles 
To understand the effect of size and production methods on the metal release process from 
stainless steel powders in biological media, bioaccessibility of 316L stainless steel powders of 
different size ranges (GA316L<4 µm, GA316L<45 µm stainless steel particles) and 
production methods (GA316L<45 µm, and WA316L<45 µm stainless steel particles) was 
assessed by performing kinetic studies of metal release (iron, nickel, chromium, and 
manganese) into PBS solution, with pH 7.2-7.4 at 37° C, and conducted up to 168 h. The 
results are presented in Figure 6 in terms of the percentage of released iron, nickel, chromium, 
and manganese (per iron, nickel, chromium, and manganese content in the bulk composition, 
respectively) in PBS solution indicating that metals are released to a very low extent from all 
316L powders (with total metal release percentage (normalized to their corresponding bulk 
composition) of 0.1% for GA316L<4µm and 0.02% for GA316L<45µm and WA316L<45µm 
powders).  

According to Figure 6, the predominate metal released from differently sized gas-atomized 
316L stainless steel particles was manganese followed by iron and nickel, while chromium 
was only released to a minor extent (< 0.02%). This is in good agreement with the XPS 
results of gas-atomized particles exposed to PBS solution (Figure 5), which shows 
considerable changes in the relative manganese and iron content in the surface oxide upon 
PBS exposure, while the relative chromium content was almost constant. These observations 
may explain the manganese, iron, and chromium release behavior of gas-atomized powders 
and suggest that manganese oxides, present in the outermost surface oxide of gas-atomized 
particles, are significantly less stable in comparison to iron and chromium oxides and can be 
easily dissolved after exposure into PBS solution. Although no nickel was observed in the 
outermost surface oxide by XPS analysis, it was still released from all investigated 316L 
particles to a small extent. This can be due to the fact that the passive surface oxide has small 
defects and is heterogeneous [14, 29]. 
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Figure 6. Percentage of metal released (iron, nickel, chromium, and manganese) normalized to their respective bulk metal content of differently 
sized or produced 316L stainless steel powders after 2h, 4h, 8h, 24h, and one week (168h) of immersion (for GA316L< 4µm, GA316L< 45µm 
particles) and 2h and 168h of immersion (for WA316L< 45µm) in PBS solution with pH range of 7.2-7.4 at 37° C. Asterisks indicate significant 
differences between the metal release of different particles, as calculated by a student t-test (for unpaired data with unequal variance), p<0.05 
(*),p<0.01 (**),and p<0.001 (***). 
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From a particle size point of view, a comparison between the coarse and ultra-fine gas-
atomized powder particles of grade 316L shows generally a higher percentage of total metal 
released from the finer particles (<4µm) compared to the coarser particles (<45µm) into the 
PBS solution (a non-complexing solution), while calculated total metal release rates 
normalized to the surface area revealed lower rates of metal release from finer 316L particles, 
GA316L<4µm (0.14 µgcm-2) compared to the coarser particles, GA316L<45µm               
(0.34 µgcm-2). This is explained by the larger specific surface area (surface area per mass) of 
finer 316L particles (having larger BET-specific surface area means that there is more 
electrochemically active surface area participating in the corrosion/passive dissolution process 
[22]). Similar results have been observed in other studies investigating the release of iron, 
nickel, chromium, and manganese from the same ultra-fine and coarse 316L stainless steel 
powder particles in non-complexing solutions [32] and the release of iron and chromium in 
two different artificial body fluids (artificial tear fluid (pH 8), simulating the lacrimal fluid in 
the eye, and artificial sweat, pH 6.5) [11]. However, an opposite manner (considerably more 
metal released per surface area from ultra-fine gas-atomized 316L particles compared to the 
coarser particles) was also observed in the case of highly-complexing solutions such as in 
artificial lysosomal fluid (ALF, pH 4.5, simulating intercellular fluid) [5, 10, 32].   

From a production point of view, no significant difference between the extent of total metal 
release from similar sized water-atomized and gas-atomized stainless steel powders could be 
detected (Figure 6). However, different alloy constituents were released from these powders 
(no manganese was released from water-atomized 316L stainless steel particles after 2h and 
168h exposure to PBS solution, whereas it was the predominant metal released from the same 
sized gas-atomized 316L stainless steel particles), due to the difference in their surface oxide, 
as previously discussed. Changes in chemical surface composition and surface oxide can be 
correlated to the amount of metal release [32, 42]. Therefore, higher manganese release of 
gas-atomized 316L particles can be explained by the presence of considerable higher amounts 
of manganese oxide in their outermost surface oxide compared to the water-atomized 316L 
stainless steel powders with no detectable amounts of manganese in the utmost surface oxide 
(Figure 5).  

Unclear trends (fluctuating, no clear increasing amounts over time) were observed in the 
metal release behavior of the investigated 316L stainless steel powders during the 7 day-
exposure, Fig. 6. The amount of released metal depends on the regeneration time of the 
disrupted surface oxide film [38]. Hence, one reason of observed fluctuations may be changes 
in the passive properties of the surface oxide over time [38, 41]. Open-circuit measurements 
of grade 304 stainless steel sheets in PBS and PBS+BSA solutions confirmed that surface 
processes are time-dependent, thus surface passivity can gradually change [41]. Another 
important reason is the fact that metal concentrations in the blank samples and/or particles 
samples were close to or below the limit of detection and then excluded from the average 
calculation. Therefore, presented data for iron, nickel, chromium, and manganese can vary as 
much as the detection limit (10 µgL-1, 18.3 µgL-1, 0.4 µgL-1, and 0.4 µgL-1, for iron, nickel, 
chromium, and manganese, respectively). 

Metal release kinetics were also calculated by metal release rates per surface area (Figure 7) 
showing a time-dependent decrease in metal release rates of both gas-atomized and water-
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atomized 316L powders exposed in PBS solution. In the case of differently sized gas-
atomized 316L stainless steel powders examined after five different exposure periods into 
PBS solution, the release rates of manganese and nickel from GA316L <4µm and manganese 
and chromium from GA316L <45µm rapidly decreased during the first day of exposure and 
remained almost constant afterward. (any initial effect could not be investigated for the 
WA316L< 45µm powders due to the lack of sampling for the time periods between 2h and 
168h). The results imply that theses metals are predominantly released from 316L stainless 
steel powders during the first hours of exposure into PBS solution. In the results of Ullmann 
(2009) [11] and Midander et al (2007) [49], similar time-dependent release rates of iron, 
chromium [11, 49] and nickel [49] were observed for differently sized gas-atomized 316L 
stainless steel powders exposed to artificial tear fluid (pH 8), artificial sweat (pH 6.5) [11], 
and ALF (pH of 4.5) [49] and explained by the gradual formation of a highly stable passive 
surface oxide of iron(II)oxide and chromium(III)oxide [5]. 

 
Figure 7- Average release rates of iron, nickel, chromium, and manganese per surface area 
from differently sized or produced 316L stainless steel powders (GA316L< 4µm, GA316L< 
45µm, and WA316L< 45µm) after immersion for 168 hours in PBS solution, pH 7.2-7.4 at 
37° C. The error bars show the standard deviation of triplicate samples. 

Figure 7 also shows that iron (both gas-atomized particles), chromium (only GA316L <4µm), 
and maybe nickel (only GA316L <45µm) displayed low release rates during the first hours of 
exposure into PBS, and then reached a maximum at 4-8 hours before decreasing towards 
lower steady-state rates after longer exposure periods. This increasing/decreasing release 
pattern, significant for iron from both gas-atomized 316L powders, and chromium from ultra-
fine 316L powders (<4µm), have previously been observed for iron and chromium in studies 
by Midander et al (2010) for FeCr alloy particles immersed in artificial lysosomal fluid (ALF- 
pH 4.5) [31] and for iron release in studies by Hedberg et al (2012) for 304 sheet exposed to 
PBS and PBS+LYS solutions [41]. An initial increase in the metal release rate (Figure 7) may 
be explained by too low amounts of metal released during the first 2 hours of exposure time 
(Figure 6) that may result in an exaggerated amount and an increased rate during the second 
(4 hours) and third time points (8 hours). A sharp decrease in the metal release rate afterwards 
can be a consequence of chromium enrichment in the surface oxide with increasing exposure 
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time upon exposure in biological media that acts as a barrier and reduces the released amount 
of alloy constituents [29, 33]. In this case, electrochemical processes can govern the metal 
release mechanism [4, 5, 31, 38]. 

3.2.3. Comparison between 316L stainless steels as powders and massive sheet based on 
literature findings and present study  
Limited knowledge exists concerning chemical and physical differences between powders and 
massive forms of metals [22]. The extent of metal release and prevailing mechanisms from 
metallic powder particles may be different compared to that of massive sheets since the 
adsorption of proteins on particle surfaces, particle passivity, and other important factors for 
metal release, may depend on several important parameters such as particle size and surface 
reactivity [5, 32]. In this section, an overview on literature findings on metal release behavior 
of massive AISI 316L stainless steels in PBS+BSA solution is presented and compared with 
stainless steel powders of the same grade investigated in this study. The reason behind the 
selection of PBS+BSA solution for comparison of massive and powders of stainless steels is  
the fact that the concentration of metals in the blank and powder samples are well exceeding  
the detection limit compared with the other biological fluids investigated (PBS and PBS+LYS 
solutions). Table 9 presents the chemical composition of massive AISI 316L stainless steel 
investigated in Hedberg et al (2012) [41].  

Table 9. Composition of 316L massive stainless steel based on literature [41] 

Stainless steel 
grade (AISI) 

structure* Fe 
(wt%) 

Cr 
(wt%) 

Ni 
(wt%) 

C 
(wt%) 

Si 
(wt%) 

Mo 
(wt%) 

Mn 
(wt%) 

S 
(wt%) 

P 
(wt%) 

316L (massive) Austenitic 69.25 16.60 10.60 0.03 0.40 2.10 1.00 0.001 0.02 

* [15, 57] 

When comparing the metal release per unit surface area from gas atomized 316L stainless 
steel powders (current study) with metal release from massive abraded stainless steel sheets of 
the same material exposed in PBS+BSA solution [41] (Figure 8), it is evident that 
significantly more iron and chromium were released from 316L stainless steel sheets 
compared with differently sized and produced 316L stainless steel powders. An opposite 
behavior was observed for the release of nickel and manganese (possibly less nickel and 
manganese released from massive 316L stainless steel compared to differently-sized gas-
atomized 316L stainless steel powders).  

Considerably higher amounts of iron released from massive sheets can be most probably an 
effect of freshly abraded surfaces of the massive metal sheets, not relevant for the powder 
particles with aged surface oxides in their as-received condition [51]. Furthermore, 
comparison between the surface oxide of unexposed water-atomized particles and their 
corresponding unexposed sheets, as well as exposed stainless steels to PBS and PBS+BSA 
(shown in Figure 15 in section 3.4.1) indicates that less relative amounts of chromium is 
present in the surface oxide of massive sheet.     
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Figure 8. Released amount (µgcm-2) of metal (iron, nickel, chromium, and manganese) from differently sized 316L stainless steel powders 
(GA316L<4µm and GA316L<45µm stainless steel powders) and massive 316L stainless steels (based on [41]) after 2h, 4h, 8h, 24h, and one 
week (168h) of immersion in PBS+BSA solution (pH 7.2-7.4) at 37° C. Asterisks indicate significant differences between the metal release of 
different particles, as calculated by a student t-test (for unpaired data with unequal variance), p<0.05 (*),p<0.01 (**),and p<0.001 (***). 
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XPS analysis suggested the enrichment of chromium in the outermost surface oxide of all 
316L stainless steel powders after exposure into PBS+BSA solution, discussed in detail in 
section 3.4, in agreement with the low chromium release from 316L stainless steels. It should 
be mentioned that although there is a significant difference between the relative chromium 
content in the surface oxide film of differently produced 316L powders (of the same size) 
exposed into PBS+BSA medium (shown in Figure 5), no significant difference was observed 
between their amounts of released chromium.  

Although no nickel oxide was detected in the surface oxide of 316L stainless steel powders, 
investigated in this study (Figure 5), and massive 316L stainless steel, based on Hedberg et al 
(2012) [41], by XPS after exposure into PBS+BSA solution, nickel release from both powders 
and massive 316L stainless steels was observed. Nickel release from 316L powders have been 
observed in other studies as well [32, 41, 49]. These studies suggest defects in the protective 
passive film formed spontaneously on the stainless steels surface [14, 29] to be the reason 
behind the release of nickel. In addition, open-circuit measurements of massive 304 stainless 
steel sheets exposed into PBS+BSA medium indicated that surface passivity gradually change 
with time [41] and is heterogeneous [14, 29].  

Considerably higher amounts of manganese were released from gas-atomized 316L powders 
compared with 316L sheets and no manganese release was detected from WA316L< 45µm 
powders (below the limit of detection). No manganese oxide was observed by means of XPS 
in the surface oxide of unexposed WA316L< 45µm particles or when exposed to the 
PBS+BSA solution. XPS analysis of unexposed and exposed (in PBS+BSA, Figure 5) gas-
atomized powders showed higher amounts of manganese oxide in the surface oxide of the 
ultra-fine 316L powder (< 4µm) compared with the coarser powder of the same grade           
(< 45µm). This may explain why more manganese was released from GA316L< 4µm 
powders compared with the other 316L stainless steel powders exposed to PBS+BSA solution 
after one week (however, no significant difference was observed for other investigated 
immersion times). In spite of the fact that no manganese was detected in the surface oxide of 
316L sheets by means of XPS, it was still released [41]. 

In all, the total extent of released metal from 316L sheets was significantly higher              
(2.4 µgcm-2) in comparison to 316L powders (around 3 times higher than GA316L< 4µm (0.9 
µgcm-2) powders, and 6 times more than GA316L< 45µm (0.4 µgcm-2) and WA316L< 45µm 
(0.4 µgcm-2) powders) after one week exposure into PBS+BSA solution.  

3.3. EFFECTS OF CRYSTALLOGRAPHIC STRUCTURE OF STAINLESS STEELS 

3.3.1. Bulk and surface composition of stainless steel powders of different crystallographic 
structures 
Stainless steels are produced with different bulk matrix microstructures (austenitic, ferritic, 
duplex, or martensitic) by different alloying and manufacturing. There is a strong relationship 
between the total metal release process and the bulk composition of stainless steels, for 
instance, the corrosion resistance of stainless steels are generally enhanced with increasing 
chromium alloying content [14, 28] (higher chromium content causes: i) an increased 
repassivation rate of the surface oxide film, and ii) a lower  possibility of chromium depletion 
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due to chromium carbide formation [14]) and addition of alloying elements such as nickel 
[14, 28](that is an austenitic stabilizer and facilitates repassivation [14]). Despite this relation, 
it is not possible to predict the amount of released metal by considering the bulk alloy content 
alone [14]. Surface oxide properties must also be considered as other important factors 
influencing the extent of metal release [32]. Studies on massive stainless steel with different 
microstructures (AISI 304 [28, 72], 409, 430, 201,310, 316L, and 2205 [28]) exposed to 
biological media (Gamble’s solution [28] and ALF [28, 72]) and differently sized powders of 
316L stainless steels of different crystallographic structure (< 4µm: ferritic; <45 µm: 
austenitic) exposed to complexing and non-complexing solutions [32] suggested that there is a 
strong correlation between the surface oxide composition and the metal release behavior. 
Therefore, both the bulk and the surface oxide composition should be considered to provide a 
better understanding of metal release processes and mechanisms for stainless steel powders. 

Figure 9 presents the relative outermost surface composition (mass) of four different grades of 
water-atomized stainless steel powders (two austenitic: 310B and 304B, one martensitic: AISI 
410L, and one ferritic: AISI 430L) unexposed and exposed to PBS and PBS+BSA solutions, 
analyzed by XPS (identified as (b), (c), and (d)) and compared with the relative bulk matrix of 
the powders (shown as (a)).  

As seen from Figure 9, the main components of the surface oxides were chromium and iron 
having a non-proportional correlation to their corresponding bulk composition, in agreement 
with 316L, discussed previously. Furthermore, the relative chromium content of the outermost 
surface layer was considerably increased after one week exposure into PBS and PBS+BSA 
solutions, more significant in the case of BSA (discussed in detail in section 3.4), for all 
water-atomized particulate stainless steels having different microstructures. Other studies also 
showed a chromium enrichment in the outermost surface oxide of stainless steels exposed to 
different media [5, 28, 32, 72], an effect which can be due to the preferential dissolution of 
iron [41]. 

In contrast with the gas-atomized 316L powders, no manganese oxide was detected in the 
outermost surface oxide of the investigated water-atomized stainless steel powder. This can 
be referred to the production method and size of the powder particles discussed in detail in 
section 3.2.1.  

No nickel was detected in the utmost surface oxide film. This is in agreement with previous 
findings that nickel primarily is enriched in a thin alloy surface layer adjacent the passive 
chromium and iron-rich surface oxide [20]. In the case of austenitic water-atomized 310B 
stainless steel powders exposed to the PBS solution, the presence of nickel (metallic nickel 
with a binding energy of 852.8 eV) in the alloy outermost surface layer suggests that the 
passive film contains defects [14, 29], is not constant in time and space [14, 29, 38], or is 
thinner than the information depth of XPS. 
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Figure 9. Relative surface composition (mass) of four different grades of water-atomized 
stainless steel powders (two austenitic: 310B and 304B, one martensitic: AISI 410L, and one 
ferritic: AISI 430L) (unexposed (b), exposed to PBS solution (c), and exposed to PBS+BSA 
solution (d)) by XPS compared to the bulk composition (a).  
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Based on XPS spectra and observed binding energies for the water-atomized investigated 
powders (shown in Table 10), it can be concluded that  iron is observed in the surface of the 
powders in both metallic and oxide states, while chromium only is present in its trivalent 
oxide state (similar to 316L powders discussed in section 3.2.1) [23, 40]. No manganese was 
detected in the utmost surface oxide of water-atomized powders. BSA adsorption and BSA 
corresponding carbon-bonds on the surface oxide of powders immersed into PBS+BSA were 
also confirmed with XPS [40, 70], previously discussed for 316L. 

Table 10. Measured binding energies for iron, chromium, nickel, and manganese in the 
surface oxide of water-atomized stainless steel powders of different microstructure by means 
of XPS 

 Binding energy (eV) 

Stainless steel powders Unexposed Exposed to PBS Exposed to PBS+BSA 

WA304B<45µm 
Fe 2p (712, 712.2) 

Cr 2p (577.4, 577.7) 
Fe 2p (707) 

Cr 2p (577.1, 577.4) 
Fe 2p (710.6) 

Cr 2p (577.4, 576.7) 

WA310B<53µm 
Fe 2p (711, 707.2) 

Cr 2p (576.3, 577.3) 

Fe 2p (707.2, 706.7) 
Cr 2p (577.4, 576.8) 
Ni 2p (852.8, 852.5) 

Fe 2p (712.8, 708.6) 
Cr 2p (577.2, 576.6) 

WA410L<45µm 
Fe 2p (711.2, 711.7) 
Cr 2p (576.8, 576.7) 

Fe 2p (711.3, 711.4) 
Cr 2p (577, 576.4) 

Fe 2p (709.6, 711) 
Cr 2p (575.6, 576.1) 

WA430L<45µm 
Fe 2p (711.9, 711.2) 
Cr 2p (576.8, 576.9) 

Fe 2p (711.2, 710.7) 
Cr 2p (577.4, 576.7) 

Cr 2p (576.8, 576.4) 

It should be mentioned that studies on water atomized 304L powder (with 0.1 m2g-1 BET 
specific surface area) indicate the presence of silicon, iron, chromium, and manganese oxides 
[21]. In addition, studies on water atomized 410L powder (with 0.083 m2g-1 BET specific 
surface area) also show the presence of a thermodynamically stable surface oxide with 
selective chromium-, silicon-, and manganese oxidation, and a more iron-rich thin oxide layer 
[23]. In both studies, in spite of the limited silicon content of the alloys (1 wt% and 0.73 wt% 
Si for 304L and 410L particles, respectively), silicon dioxide was the dominant surface oxide 
suggesting the formation of this oxide prior and during solidification of the metal droplets 
[21, 23]. No detailed silicon spectra were run with XPS in this study, however, silicon oxide 
formation (as the predominant surface oxide) on the outermost surface of all water-atomized 
stainless steels were at a late stage of this thesis identified and may be a reason for the 
absence of manganese oxide on their surface film. SEM images (irregular shape of water-
atomized particles) and XPS analysis results (no manganese on the surface oxide film of 
water-atomized particles) indicate a higher cooling rate of water-atomized powders compared 
to gas-atomized powders [19], hence silicon (that has the highest oxygen affinity amongst 
iron, nickel, chromium, and manganese) is more probable to form large amounts of oxide.  

3.3.2. Metal release behavior of stainless steel powders with different crystallographic 
structures 
In order to investigate the influence of crystallographic structure on the metal release of 
stainless steel powders exposed in biological media, three austenitic (304B, 310B, and 316L), 
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one martensitic (410L), and one ferritic (430L) powder were exposed to PBS solution, with 
pH 7.2-7.4 at 37° C, for 2 and 168 hours. Metal release results, expressed as the released 
metal percentage normalized to their corresponding bulk alloying content, are shown in 
Figure 10. The following main results were obtained: 

- Iron was released from all stainless steel powders of different microstructure with the 
maximum amount of (0.028 ± 0.006) % for the martensitic 410L powders and minimum 
of (0.001 ± 0.002) % for the austenitic 310B powders. No significance differences 
between the amounts of released iron between the other grades were observed.  

- Chromium was released from all stainless steel powders of different crystallographic 
microstructure (except in the case of martensitic 410L powders for which measured 
chromium concentrations by means of AAS were below the limit of detection). The 
maximum chromium release was (0.005 ± 0.002) % observed for the austenitic 304B 
powder, approximately 2 times more compared with gas-atomized 316L powders, 
approximately 3 times more compared with water-atomized 316L powders, and 
approximately 8 and 5 times more compared with water-atomized 310B and 430L 
powders, respectively. It should be mentioned that the WA304B powders indicated the 
highest amount of relative chromium in the outermost surface oxide after exposure to 
PBS solution compared to the other investigated powders (Figures 5 and 9). 

- Although nickel was preferentially released compared to chromium from almost all 
investigated powders after one week of immersion in PBS, with an average amount of 
0.007 %, no significant difference was observed between the released amounts of nickel 
from different stainless steel powders. 

- For all water-atomized stainless steel powders, measured amounts of manganese release 
by means of AAS were below the detection limit. This is not surprising considering their 
low manganese bulk content (<1.4 wt%) and their surface oxide, free of manganese 
oxides. However, significant amounts of manganese were released from 316L particles 
produced by the gas atomization process, (0.01 ± 0.001) %, after one week of exposure 
in PBS, because of the existence of considerable amounts of manganese oxide in their 
outermost surface oxide.  

Total percentage of metal released (iron+ chromium+ nickel+ manganese) from stainless steel 
particles with different microstructure after one week exposure to PBS solution decreases 
according to the following sequences:  

WA304BA < 53µm (0.03%) = WA410LM< 45µm (0.03%) ≈ GA316LA< 45µm (0.02%) = 
WA316LA< 45µm (0.02%) > WA430LF< 45µm (0.007%) ≈ WA310BA<53µm (0.006%). 

(A, F and M represent austenitic, ferritic, and martensitic grades, respectively) 

This order is similar compared to the total amount of released metals normalized to the 
surface area, µgcm-2:  

WA304BA<45µm (0.36) ≈ WA410LM<45µm (0.34) = GA316LA<45µm (0.34) > 
WA316LA<45µm (0.23) > WA430LF<45µm (0.08) > WA310BA<53µm (0.06) 

due to the fact that all above mentioned particles have similar BET-specific surface area 
(indicated in Table 4 as well).  
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Figure 10. Percentage of metal release (iron, nickel, chromium, and manganese) normalized to their respective bulk metal content from different 
grades of stainless steel powders (three austenitic: 316L (produced by water-atomization and gas-atomization processes), 310B, 304B, one 
martensitic: AISI 410L, and one ferritic: AISI 430L) after 2h and one week (168h) of immersion in PBS solution with pH range of 7.2-7.4 at 37° 
C. Asterisks indicate significant differences between the metal release of different powders, as calculated by a student t-test (for unpaired data 
with unequal variance), p<0.05 (*),p<0.01 (**),and p<0.001 (***).  
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Metal release mechanisms and biological interactions are influenced by e.g. the bulk- and 
surface composition and by surface area [22]. Since BET-specific surface areas of all above 
investigated powders were similar, with an average amount of 0.09 (m2g-1), differences in 
their bulk and surface oxide composition can govern metal release processes. From a general 
point of view, an increase in the chromium bulk content [14] and surface oxide [28] is 
believed to enhance the corrosion resistance of stainless steels. Nickel can also simplify 
stainless steel repassivation [14]. However, it should be mentioned that no direct relationship 
exists between corrosion rates and metal release rates [28, 29], since metal release can be 
governed by one or a combination of chemical, physical, and electrochemical processes [41]. 
In this study, the lowest amount of released metal was observed from 310B stainless steels 
having the maximum content of chromium and nickel in the bulk and significant amounts of 
chromium in the outermost surface oxide compared to the other investigated powders. In 
addition, the grades of lowest chromium bulk and surface oxide content, 410L, showed 
considerably higher total amounts of released metals (especially for iron, 410L powders with 
the highest relative iron content in the surface oxide, [Feox/(Crox+Feox+Niox+Mnox)]: 0.73) 
compared with the other powders with higher chromium content. Low amounts of metal 
release from ferritic 430L powders can also be due to its high relative amounts of chromium 
in the surface oxide, [Crox/(Crox+Feox+Niox+Mnox)]: 0.63. For all investigated powders, 
comparison of composition, both bulk alloy and surface oxide composition, and the amounts 
of released alloy constituents clearly show that the extent of metal release is not proportional 
to either the bulk content of the stainless steel alloys or to their surface oxide composition. 
This suggests that the metal release behavior cannot be predicted by means of bulk and 
surface oxide composition alone, a conclusion previously proven in other studies [5, 11, 14, 
20, 29, 31]. 

Figure 11 displays metal release rates per surface area of water-atomized 304B, 310B, 430L, 
and 410L stainless steel powders. Since no released manganese could be detected by means of 
AAS, the manganese release rate of all water-atomized investigated powders was set to zero. 
Similar to the results of differently sized and produced 316L powders, shown in Figure 7, 
304B and 430L grades indicated an initial increase in release rates of iron, chromium, and 
nickel after 4 hours exposure into PBS solution (that may be explained by too low amounts of 
metal released during the first exposure time period (Figure 10) and hence possibly an 
exaggerated increased metal release rate after 4 hours of immersion) followed by a continuous 
decrease to lower and relatively constant release rates (due to a chromium enrichment in the 
utmost surface oxide after exposure to biological media [29, 33] (see Figure 9))  

In the case of 310B and 410L powders, where metal release was only measured after 2 and 
168 hours exposure to PBS solution, iron, nickel, and chromium release rates indicated a 
time-dependent behavior as well. However, the iron release rate of the 410L powders and 
nickel release rate of 310B powders increased very slightly after one week exposure into PBS 
(0.001 ± 0.0003, and 0.0003 ± 0.0002 respectively). This may be because of too low measured 
concentrations of the released elements after 2 hours of immersion into PBS medium in 
comparison with one week.  
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Between different grades of investigated stainless steel powders produced by the water or the 
gas atomization process immersed in PBS solution, water-atomized austenitic 310L powders 
showed the lowest total release rates (0.0004 µgcm-2week-1). The highest rate                  
(0.002 µgcm-2week-1) was obtained for water-atomized austenitic 304B, water-atomized 
ferritic 410L, and gas-atomized austenitic 316L particles. Studies on different grades of 
stainless steel massive sheets exposed to two different synthetic body fluids (artificial 
lysosomal fluid, pH 4.5, and Gamble’s solution, pH 7.4) indicated that massive stainless steel, 
grade 310, which was the highest alloyed grade compared to other investigated grades (2205, 
201, 304, 316L, 409, and 430), showed the lowest total release rates as well [14, 28]. Despite 
the fact that the total metal release rates of 310L powders immersed into PBS+BSA and 
PBS+LYS solution was very low (0.002 µgcm-2week-1 and 0.0003 µgcm-2week-1, 
respectively), the lowest amount was obtained for the 304B powders (0.001 µgcm-2week-1 and 
0.0001 µgcm-2week-1, respectively). 

 
Figure 11- Average release rate of iron, nickel, chromium, and manganese per surface area 
from different grades of water-atomized stainless steel powders (two austenitic: 310B, 304B, 
one martensitic: AISI 410L, and one ferritic: AISI 430L) after immersion during 168 hours in 
PBS solution, pH 7.2-7.4 at 37° C. The error bars show standard deviation of triplicate 
samples. 

3.3.3. Comparison between powders and massive sheet of stainless steels with different 
crystallographic structures based on literature findings and present study 
Metal release per unit area from two austenitic (304B and 310B) and one ferritic (430L) water 
atomized stainless steel powders immersed for 2 and 168 hours into different biological media 
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(PBS, PBS+BSA, and PBS+LYS), investigated in this study, is compared with similar grades 
of massive stainless steels (304, 310, and 430- chemical composition presented in Table 11), 
based on literature findings [41].The results are presented in Figures 12-14. 

Table 11. Composition of different grades of stainless steel sheets based on [41] 

Stainless steel 
grade (AISI) 

structure* Fe 
(wt%) 

Cr 
(wt%) 

Ni 
(wt%) 

C 
(wt%) 

Si 
(wt%) 

Mo 
(wt%) 

Mn 
(wt%) 

S 
(wt%) 

P 
(wt%) 

304 (massive) Austenitic 71.12 18.10 9.00 0.05 0.30 0.30 1.10 0.002 0.03 

310 (massive) Austenitic 55.12 24.20 19.10 0.06 0.40 0.20 0.90 0.001 0.02 

430 (massive) Ferritic 82.86 16.00 0.22 0.04 0.30 0.06 0.50 0.002 0.02 

Based on Figures 12-14, the following observations can be made: 

- Both austenitic and ferritic massive stainless steels released significantly higher amounts 
of iron normalized to surface area into tested biological media after one week of exposure 
compared to their corresponding powders (with the maximum amounts of 4.7 ± 0.2   
µgcm-2, 0.7 ± 0.03 µgcm-2 and 1.9 ± 0.02 µgcm-2 for 430, 310, and 304 sheets, 
respectively, exposed for one week into PBS+BSA solution). This is most probably due to 
the significant difference in surface properties between the massive and stainless steel 
powders , as the powder particles had aged surface oxides in their as-received condition 
[51], and thus, better surface passivating properties [14], compared with freshly abraded 
massive sheets aged for 24 hours in a desiccator prior to the exposure experiments [41]. 

-  Nickel was only released from austenitic stainless steels (both massive sheet and 
powders), since the nickel alloy content of ferritic 430 stainless steel is negligible (less 
than 0.22 wt%), with considerably higher released amounts per surface area from 
massive 304 grade, into both protein containing PBS solutions (0.004 ± 0.0006 µgcm-2 
amount after exposure into PBS+LYS and 0.04 ± 0.002 µgcm-2 after exposure to 
PBS+BSA), and from 310 massive sheets exposed to PBS+LYS after one week 
immersion period (0.01 ± 0.005 µgcm-2) in comparison with their corresponding 
powders. The released amount is neither proportional to the bulk alloy content nor to the 
surface oxide composition. 

- The release of chromium from 304 and 310 stainless steel sheets in PBS+LYS for one 
week was significantly higher compared to their powders immersed into the same 
solution, The measured chromium content of the 304B and 310B powders were below 
the detection limit (around 0.006 µgcm-2, 0.005 µgcm-2, and 0.003 µgcm-2 for 304, 310, 
and 430, respectively). However, no significant difference between the released amount 
of chromium into PBS and PBS+BSA was observed after one week of exposure neither 
from the powders nor the massive sheet. One exception was the 304B powder exposed to 
PBS showing considerably higher amounts of chromium release compared to 304 
massive sheet. It should be mentioned that the highest amount of released chromium 
normalized to surface area from massive sheet and powders of stainless steels of 
different crystallographic microstructure was observed in the PBS+BSA solution. 
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Figure 12. Amount (µgcm-2) of metal release (iron, nickel, chromium, and manganese) from austenitic water-atomized 304B stainless steel 
powders  (investigated in this study) and massive 304 stainless steel (based on [41]) after 2h and one week (168h) of immersion in PBS, 
PBS+LYS, and PBS+BSA solutions with pH range of 7.2-7.4 at 37° C. Asterisks indicate significant differences between the metal release of 
different powders, as calculated by a student t-test (for unpaired data with unequal variance), p<0.05 (*),p<0.01 (**),and p<0.001 (***). 
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Figure 13. Amount (µgcm-2) of metal release (iron, nickel, chromium, and manganese) from austenitic water-atomized 310B stainless steel 
powders (investigated in present study) and massive 310 stainless steel (based on [41]) after 2h and one week (168h) of immersion in PBS, 
PBS+LYS, and PBS+BSA solutions with pH range of 7.2-7.4 at 37° C. Asterisks indicate significant differences between the metal release of 
different powders, as calculated by a student t-test (for unpaired data with unequal variance), p<0.05 (*),p<0.01 (**),and p<0.001 (***). 
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Figure 14. Amount (µgcm-2) of metal release (iron, nickel, chromium, and manganese) from ferritic 430L stainless steel powders (investigated in 
present study) and massive 430 stainless steel (based on [41]) after 2h and one week (168h) of immersion in PBS, PBS+LYS, and PBS+BSA 
solutions with pH range of 7.2-7.4 at 37° C. Asterisks indicate significant differences between the metal release of different powders, as 
calculated by a student t-test (for unpaired data with unequal variance), p<0.05 (*),p<0.01 (**),and p<0.001 (***). 
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- Although the manganese bulk alloy content of both massive and powders of the stainless 
steel grades was very low (< 1.4 wt%) and no manganese was detected in the outermost 
surface of the investigated water-atomized powders, Figure 9, and massive sheets [41], 
significant amounts of manganese was released from 304, 310, and 430 sheets after one 
week of exposure into all tested biological media (e.g. 0.02 µgcm-2 manganese released 
from 304, and 0.01 µgcm-2 released from 310 and 430 after immersion for 168 hours 
into PBS+BSA solution). However, comparison between powders of 316L produced by 
the gas atomization process and massive sheet indicated an opposite trend, with 
significantly higher amounts of manganese released from the gas-atomized powder 
compared with 316L massive sheet. This emphasizes the importance of the outermost 
surface characteristics, properties that are affected by e.g. the production method and 
cooling rate conditions.  

Total amounts of metal released per surface area after one week from different grades of 
powders and massive sheet of stainless steel grades exposed to PBS with and without proteins 
revealed decreasing rates according to the following sequence: 

(M and P represent massive sheet and powders, respectively): 

PBS (µgcm-2week-1): 430M (0.43) >> 304M (0.28) > 304BP (0.36) > 310M (0.24) >> 430LP 
(0.08) ≈ 310LP (0.06) 

PBS+LYS (µgcm-2week-1): 430M (0.94) > 304M (0.81) >> 310M (0.48) >> 430LP (0.11) > 
310LP (0.06) > 304BP (0.02) 

PBS+BSA (µgcm-2week-1): 430M (4.67) >> 430LP (2.76) > 304M (1.97) > 310M (0.85) > 
310LP (0.29) > 304BP (0.22) 

Ferritic 430 massive sheets revealed the highest total amounts of released metal normalized to 
the surface area after one week of exposure in all investigated biological media. Although 
massive sheets showed the same decreasing order after exposure to the different test media, 
the powders did not (possibly due to an effect of very low concentrations, close to or below 
the limits of detection). In addition, both BSA and LYS proteins, especially BSA, enhanced 
the total amounts of metal released from all investigated massive sheet and powders, except in 
the case of the 304B powder in which both proteins reduced the total metal release measured 
in solution (this reduction was only significant for the amount of iron released after one week 
immersion into LYS protein). Effects of proteins on the metal release behavior and possible 
mechanisms for protein-induced metal release from powders and massive stainless steels will 
be discussed in details in next section, 3.4.  

In addition, for all tested media, all sheets showed higher amounts of metal release 
normalized to the surface area after one week of exposure compared to their corresponding 
powders. This is most probably an effect of freshly abraded surfaces of the massive metal 
sheets, not possible for the powders particles with aged surface oxides in their as-received 
condition [51] along with the presence of higher relative chromium content in surface oxide 
of the powders compared with sheets hindering against corrosion and metal release. 
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3.4. EFFECTS OF PROTEINS  

In this section, general characteristics of proteins and their effects on surface compositional 
changes of tested stainless steel powders of different particle sizes and production methods, 
and stainless steel sheets (based on [41]), are discussed in detail in section 3.4.1. In section 
3.4.2, the metal release behavior of stainless steel powders exposed to protein-free and 
protein-containing PBS biological medium and possible mechanisms of protein-induced metal 
release are discussed and compared with stainless steel sheets. 

3.4.1. Effects of proteins on surface composition of different grades of stainless steels 
Lysozyme is present in almost all body fluids, with the highest content of 1.2 gL-1 in tear fluid 
[26]. It has a net positive charge at pH 7.4 [27]. Bovine serum albumin (BSA), with lower 
conformational stability in solution in comparison to LYS [4, 25], is present in high 
concentrations (30- 50 gL-1) in serum [4] and is net negatively charged at pH 7.4 [27]. Studies 
on effects of BSA and LYS  on surface changes of different grades of stainless steels 
(austenitic 316L [4, 41], 304, 310, ferritic 430, and duplex 2205 [41]) immersed in PBS of pH 
7.2-7.4 [4, 41] and 0.15 M NaCl solutions adjusted to pH 4.0 [4] showed that although both 
proteins adsorb on negatively charged stainless steels surfaces (at pH 7.4)[ 41], BSA adsorbs 
as a side-on monolayer after a few minutes, while LYS (with smaller size compared to BSA 
[25]) adsorbs continuously in several layers with increasing time, independent of surface 
orientation (with a side-on or end-on conformation) [4, 41]. BSA adsorption on differently 
sized and produced stainless steel powder particles, investigated in this study, was also 
confirmed by XPS illustrating a strong nitrogen signal (approx. 400 eV), not detectable for 
unexposed and exposed powders to PBS, and proved the presence of BSA on the outermost 
surface oxide [40, 70]. Net negatively charged protein adsorption on similar charged stainless 
steel surfaces can be theoretically explained by the possibility of surface charge regulation of 
proteins (all proteins have weak charges and are pH-dependent, thus they can change their net 
charge from like-charged to oppositely-charged) [73]. XPS analysis of different grades of 
massive stainless steels, e.g. austenitic 304, 316L [14, 28, 29, 41], 310 [14, 28, 41], 316 [14], 
ferritic 430, and duplex 2205 [14, 28, 41] exposed to various media, such as artificial rain (pH 
4.4) [14, 29], Gamble’s solution (pH 7.4), artificial lysosomal fluid (pH 4.5-5) [14, 28], free-
protein PBS and BSA-, and LYS-containing PBS [41] have shown that exposure of stainless 
steels to the mentioned media results in a chromium enrichment in the outermost surface 
oxide [14, 28, 29, 41], an effect which is time-dependent and considerably more significant in 
BSA-containing PBS compared with  LYS-containing PBS and free-protein PBS media [41].  

XPS multi-area surface analysis of differently sized and produced stainless steel powders 
investigated in this study and shown in Figures 5 and 9, are in agreement with previous 
findings [4, 14, 28, 29, 41] confirming chromium enrichment of the surface oxide on powder 
particles after exposure to three different biological media (PBS, PBS+BSA, and PBS+LYS). 
The only exception is the case of ultra-fine gas-atomized 316L powder (< 4µm) showing no 
significant difference on the relative chromium content of its surface oxide before and after 
immersion. This is due to the fact that two randomly calculated relative chromium content of 
the surface oxide immersed into BSA were considerably different (27% and 4%). Figure 15 
provides a better comparison between the relative chromium content of the surface by 
representing the percentage of relative mass ratio between total chromium and total iron 
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[(Cr/(Cr+Fe))*100] in the surface oxide of different stainless steel powders (investigated in 
this study) and massive stainless steels (based on [41]) unexposed and exposed for one week 
into PBS and PBS+BSA.  

As can be seen in Figure 15, both massive and powders of stainless steel revealed the highest 
amounts of relative chromium in the outermost surface oxide after exposure to BSA-
containing solution, with the highest amount of 100% relative chromium (no detectable iron 
signal was observed by means of XPS, suggesting the presence of a thick adsorbed BSA layer 
on the surface of stainless steels) for the austenitic water-atomized 316L powder (with 17 
wt% bulk chromium content) and the ferritic 430L powder (with 16 wt% bulk chromium 
content) and lowest amount of 19% for the ultra-fine gas-atomized 316L powder (with 18.5 
wt% bulk chromium content). Comparison between water-atomized powders with their 
corresponding massive sheets also indicated a higher surface enrichment of chromium for the 
powders. Compositional surface analysis of powders immersed in LYS were not tested by 
XPS due to the possible adsorption of a multi-layer and thick LYS coverage on the particles 
after one week of exposure, an effect observed in the case of massive sheets [41]. 

In all, the relative chromium content of the surface oxide for stainless steel powders immersed 
into BSA containing solutions was significantly higher compared with unexposed particles 
and revealed a decreasing order as follows: 

 430LF (100%) = WA316LA (100%) > 304BA (74%) ≈ 310BA (71%) > 410LM (42%) > 
GA316L<45µmA (37%) > GA316L<4µmA (19%) 
(A, F and M represent austenitic, ferritic, and martensitic grades, respectively) 

A possible explanation of this observation can be the preferential formation of iron-protein 
surface complexes, in favor of chromium complexes, and thus more release of iron compared 
to chromium after exposure of the powders into BSA containing solutions [41]. In addition, 
iron oxides are generally less stable compared to chromium oxides at acidic, neutral, and 
weakly alkaline conditions. Therefore, exposure to BSA (which can lower the local pH at the 
protein-metal interface) can cause more iron dissolution, and thus, increase the relative 
chromium content of the surface oxide [41]. 

3.4.2. Protein effects on metal release behavior of different grades of stainless steels 
Metal release studies from different grades of stainless steels (e.g. austenitic AISI 304 [41, 
42], 304L [43], 310 [41], and 316L [41, 42], ferritic AISI 430, and duplex AISI 2205 [41]), 
and pure metals of chromium [4, 42], iron, and nickel [42] indicated that proteins [4, 41, 42, 
43] may either increase [4, 32, 41, 42] or decrease [43] the amount of metal released. Both 
trends, enhanced and reduced released amounts of metals in the presence of proteins, were 
evident in this study, shown in Figure 16.  
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Figure 15- Percentage of relative mass ratio between total chromium and total iron and chromium [(Cr/(Cr+Fe))*100] in the surface oxide of 
different stainless steel powders (investigated in this study- three austenitic: 316L, 304B, and 310B, one martensitic: AISI 410L, and one ferritic: 
AISI 430L) and massive stainless steels (based on [41]- 316L, 304, and 430 grades) unexposed and exposed in PBS and PBS+BSA for one week 
(168h). The error bars show the standard deviation of duplicate samples (there is only one replicate for unexposed 316L, 304 exposed to PBS, 
and unexposed 430 samples) 
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Figure 16. Average amounts of metal release (iron, nickel, chromium, and manganese) per amount of metals in different grades of stainless steel 
powders loaded (three austenitic: 316L, 304B, and 310B, one martensitic: AISI 410L, and one ferritic: AISI 430L) after 2h and one week (168h) 
of immersion in PBS, PBS+BSA, and PBS+LYS solutions with pH 7.2-7.4 at 37° C. Asterisks indicate significant differences between the metal 
release of different powders, as calculated by a student t-test (for unpaired data with unequal variance), p<0.05 (*),p<0.01 (**),and p<0.001 
(***). 
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A comparison between the total amounts of released metals (iron+ chromium+ nickel+ 
manganese) normalized to the surface area (BET) from different investigated stainless steel 
powders exposed into PBS, PBS+BSA, and PBS+LYS solutions for 168 h are presented 
below: 

PBS (µgcm-2): WA304BA<45µm (0.36) > GA316LA<45µm (0.34) = WA410LM<45µm (0.34) > 
WA316LA<45µm (0.23) > GA316LA<4µm (0.14) > WA430LF<45µm (0.08) > 
WA310BA<53µm (0.06) 

PBS+LYS (µgcm-2): GA316LA<45µm (0.50) > GA316LA<4µm (0.19) ≈ WA410LM<45µm 
(0.18) > WA430LF<45µm (0.11) > WA316LA<45µm (0.08) > WA310BA<53µm (0.06) > 
WA304BA<45µm (0.02) 

PBS+BSA (µgcm-2): WA410LM<45µm (3.27) > WA430LF<45µm (2.76) > GA316LA<4µm 
(0.90) > WA316LA<45µm (0.44) > GA316LA<45µm (0.42) > WA310BA<53µm (0.29) > 
WA304BA<45µm (0.22) 
 (A, F and M represent austenitic, ferritic, and martensitic grades, respectively.) 

The results show that BSA induced a considerably higher metal release compared to LYS- 
and free-protein solution of all investigated stainless steel powders, except WA304B. The 
student t-test calculation showed no significant difference between metal release from the 
WA304B powder immersed into BSA and PBS after 2 and 168 hours, except for iron which 
was released to a significantly higher extent after 2 hours exposure into BSA. Compared to 
the free-protein solution, LYS protein only caused a slight increase of metal release (iron, 
nickel, chromium, and manganese) from gas-atomized 316L and an enhancement of iron 
released from all investigated water-atomized powders, except in the case of WA304B. (No 
clear trend was observed for other tested elements due to their concentrations being very close 
to or below the detection limits) 

Based on studies concerning surface-protein interactions on different grades of stainless 
steels, protein-induced metal release can be explained by three distinct mechanisms [41]:  
i) Surface protonation of stainless steels: BSA adsorption on the surface of stainless steels 

can locally lower the surface pH, and if the surface pH is reduced to around 4.3 or less, it 
can contribute to an increased metal release [41]. XPS analysis confirmed the presence of 
iron oxide and chromium oxide (plus manganese oxide for gas-atomized powders) in the 
outermost surface, which have a pH-dependent stability [74]. Iron oxide is more soluble 
compared to chromium oxide at acidic and neutral pH values [74]. This can be considered 
as one of the reasons for the higher amounts of iron released from 304, 310, and 430 
massive sheet [41] and the 430L powder (current study) after immersion in protein-
containing solutions (Figures 12-14). However, the mixed oxide layers may show 
completely different dissolution behavior [41]. 

ii) Change of ion concentration at stainless steel surfaces: The protonation of surface oxides 
[41] and dissolution of surface oxides (e.g. hydrous Fe(III) oxides [75]) in the presence of 
complex formers [41, 75]) can weaken the bonds formed between surface atoms and cause 
metal ions and/or ionic- complexes detachment, thus increasing the amount of released 
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metal. This detachment can kinetically control surface oxide dissolution, hence acts as the 
rate-limiting step [41, 75].  

iii)  Complex formation between protein and metallic atoms at the surface: formation of 
metal-protein complexes (with a preferential complex formation subsequence decreasing 
as follows: complexation to nickel > to iron > to chromium > to manganese [41]) can also 
influence the metal release behavior. For example, one reason for more release of iron 
compared to the other investigated alloying constituents after exposure into protein 
containing solutions [76, 77] (e.g. BSA [75]) can be due to the fact that in the presence of 
complex formers, non-reductive [75] and/or reductive [76, 77] dissolution of hydrous 
iron(III)oxides (present in surface oxide of stainless steels) and formation of soluble 
iron(III) ligand complexes can occur, therefore the total amount of soluble Fe3+ is 
enhanced [75]. However it should be mentioned that the formation and detachment of 
metal-protein surface complexes depend on several factors such as: adsorption mechanisms 
(a monolayer and a multi-layer coverage of BSA and LYS, respectively [4, 41]), 
availability of metal atom in the surface oxide (that is dependent of surface properties and 
crystallographic microstructure), stability of oxides formed on the surface of stainless 
steels, and stability of adsorbed proteins and metal ions at the surface [41]. 

Reduction of metal release (iron and chromium) from 304L stainless steel sheets immersed 
into mussel protein solutions (an adhesive protein that is a high molecular-weight biopolymer- 
100 kDa) was reported in studies carried out by Hansen et al [43]. This may be explained by 
the fact that protein adsorption on stainless steel surfaces can cause partially blocking of the 
cathodic sites (where reduction of oxygen occurs), therefore improving the corrosion 
resistance and decreasing the amounts of metal released at those experimental conditions [41] 
(pH 7.8, aerated media [43]).  

As previously discussed, higher amounts of metals were released in BSA containing solution 
compared with LYS, and can be explained based on the LYS adsorption mechanism 
(continuously adsorption of LYS in several layers [4, 41]), less ability of LYS in lowering the 
local surface pH, and its possible capacity to prevent positively charged ionic metal 
complexes and metal ions to enter the solution (LYS has a positive net charge at pH 7.4). 
Enhanced metal release by means of LYS can also be due to chloride enrichment at the 
surface (the adsorption of net positively charged LYS lower the negative surface potential of 
the stainless steel surface and hence enhance chloride concentration of metal-protein 
interface) [41]. Metal ions released into biofluids can have probable fates of: transportation, 
metabolism, accumulation in organs, and/or causing allergy and carcinoma. From a 
toxicological point of view, active metal ions (e.g. iron ions) released into biofluids have a 
small chance to combine with biomolecules (since active metal ions immediately form an 
oxide, hydroxide, or inorganic salt with a near water molecule or an anion). In contrast, 
inactive metal ions like nickel ions, stay in an ionic state for a longer time, thus have more 
chance to combine with biomolecules and potentially induce toxicity [38] (although non-toxic 
compounds and/or complexes may form after exposure of metallic particles into biological 
fluids, they can promote metal release significantly [5, 10], which above a certain level make 
them toxic [38, 50].  
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Iron is one of the metals observed to concentrate on the outermost surface oxide of stainless 
steel powders (Figure 5 and 9). Iron containing particles reveal Fe3+ compounds in their 
outermost surface oxide due to the exposure to air regardless of the oxidation state of iron in 
the bulk material (iron can be present either as Fe3+ and Fe2+ oxide states). Several metabolites 
of body fluids (e.g. cysteine amino acid) can act as the reductant species and convert Fe3+ to 
Fe2+ (Reductant + Fe3+ → oxidized reductant + Fe2+) and generate Fe(OH)3 and •OH radicals 
according to the following reactions [71]: 
Fe2+ + O2 →Fe 3+ + O2

•- 
O2

•- + 2H+ + e- → H2O2 
Fe2+ + H2O2 → Fe(OH)3 + •OH  

Therefore, free radicals (•OH radicals) can also form along with hydroxide formation (as seen 
in the above mentioned reactions) that are very reactive and can cause different adverse 
effects such as DNA damage, protein oxidation and lipid peroxidation and are known as an 
important carcinogenic and acute lung inflammation factor [71].  
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CHAPTER 4 CONCLUSION 

In vitro protein-induced metal release (iron, nickel, chromium, and manganese) from a kinetic 
point of view (from 2 hours up to one week) from five differently sized and/or produced 
(water-atomization and gas-atomization processes) stainless steel powders (three austenitic: 
AISI 316L, 310B, and 304B, one martensitic: AISI 410L, and one ferritic: AISI 430L) was 
investigated in a phosphate buffer saline (PBS) solution of pH 7.2-7.4, as the background 
medium, containing either 2.2 gL-1 lysozyme (LYS) or 10 gL-1 bovine serum albumin (BSA). 
PBS and BSA induced compositional changes of the outermost surface of the investigated 
powders. Particle morphology and magnetic properties were also analyzed. The following 
main conclusions were drawn:   

- Stainless steel powders of the same grade (316L) produced with different methods (water –
atomization and gas-atomization) are essentially different in morphology. While all gas-
atomized powders have spherical shape, water-atomized ones are of very irregular shape. 

- Differently sized and produced stainless steel powders revealed different surface oxide 
composition (both unexposed and exposed to PBS and PBS+BSA) suggesting strong 
dependence of surface oxide composition on the production method and particle size, and thus 
on the cooling rate. For instance, while significant amounts of manganese were detected in the 
surface oxide of gas-atomized powders, almost no manganese could be detected in the water-
atomized particle surface oxide. One reason for this fact could be the higher cooling rate of 
water-atomized powders compared to gas-atomized powders resulting in silicon dioxide 
formation instead of manganese (di)oxide (manganese has the highest oxygen affinity 
amongst iron, nickel, chromium, and manganese).  

- BSA caused a significant surface oxide chromium enrichment of all investigated powders 
(especially for ferritic WA430L and austenitic WA316L), however, no significant difference 
was observed for the ultra-fine 316L powder (< 4µm). 

- Magnetic properties of the employed powders decreased according to the following 
sequence:  
(WA410LM<45µm) ≈ (WA430LF<45µm) > (GA316LA<4µm) > (GA316LA<45µm) > 
(WA304BA<45µm) > (WA310BA<53µm) ≈ (WA316LA<45µm) ≈ non-magnetic 
(A, F and M represent austenitic, ferritic, and martensitic grades, respectively) 
Although austenitic stainless steels should present non-magnetic properties, GA316L<4µm, 
GA316L<45µm, and WA304B <45µm stainless steel powders showed to some extent 
ferromagnetic properties which can suggest the presence of ferrite.  

- XPS spectra and binding energies of different elements for all investigated powders suggest 
that iron in the surface of the particles is present in both metallic and oxidic state (the 
presence of iron in metallic state in the surface of the particles reveals that the oxide must be 
thinner (less than 3-4 nm)), while chromium and manganese only were present in their 
oxidized state. BSA adsorption on the surface oxide of powder particles immersed into 
PBS+BSA was also confirmed with XPS spectra. 
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- The release of the main alloy constituents from the investigated stainless steels (powders and 
massive) was neither proportional to the bulk alloy composition nor to the surface oxide 
composition. Although particle surface characterization can provide better understanding of 
metal release behavior and metal ion dissolution from metal powders exposed into bio-fluids, 
other factors such as size and size distribution of particles, production method (history of 
particles), particle shape, and active surface area of particles must be considered as well. 

- Among the investigated alloying constituents, iron was preferentially released from all 
powders after exposure to the biological media (with maximum amount of 0.5 µgcm-2 from 
the GA314L< 4µm powder exposed to BSA), in the case of gas-atomized powders. Due to the 
presence of high content of manganese in the surface oxide, considerable amounts of 
manganese were also released (with a maximum amount of 0.3 µgcm-2 from GA314L< 4µm 
powders exposed to PBS+BSA). 

- Generally, BSA induced a considerably higher extent of metal release from investigated 
stainless steel powders and massive sheets compared to LYS- and free-protein solutions, 
except for the WA304B powder that showed no significant difference between the extent of 
metal release after 2 and 168 hours immersion into BSA compared with PBS media (iron 
released significantly more after 2 hours exposure into BSA).  

- LYS protein only caused a slight increase of the metal release content (iron, nickel, 
chromium, and manganese) from gas-atomized 316L powders and increased iron released 
from all investigated water-atomized powders. However, exposure to the PBS+LYS solution 
showed no clear trends with relatively similar metal release compared to the background 
medium (PBS). 

Total amounts of released metals (iron+ chromium+ nickel+ manganese) normalized to the 
surface area from different investigated stainless steel powders exposed into PBS, PBS+BSA, 
and PBS+LYS solutions for 168 h are summarized below: 

PBS (µgcm-2): WA304BA<45µm (0.36) > GA316LA<45µm (0.34) = WA410LM<45µm (0.34) > 
WA316LA<45µm (0.23) > GA316LA<4µm (0.14) > WA430LF<45µm (0.08) > 
WA310BA<53µm (0.06) 

PBS+LYS (µgcm-2): GA316LA<45µm (0.50) > GA316LA<4µm (0.19) ≈ WA410LM<45µm 
(0.18) > WA430LF<45µm (0.11) > WA316LA<45µm (0.08) > WA310BA<53µm (0.06) > 
WA304BA<45µm (0.02) 

PBS+BSA (µgcm-2): WA410LM<45µm (3.27) > WA430LF<45µm (2.76) > GA316LA<4µm 
(0.90) > WA316LA<45µm (0.44) > GA316LA<45µm (0.42) > WA310BA<53µm (0.29) > 
WA304BA<45µm (0.22) 
 (A, F and M represent austenitic, ferritic, and martensitic grades, respectively.) 

- Ferritic 430 sheets (with the lowest bulk nickel content among other tested stainless steel 
sheets-0.22 wt%) revealed the highest total metal release rate normalized to the surface area 
after one week immersion into all tested biological media (4.67 µgcm-2week-1, 0.94  
µgcm-2week-1, and 0.43 µgcm-2week-1 after exposure to BSA, LYS, and PBS, respectively). 
However, in the case of stainless steel powders, various trends were observed after exposure 
to different solutions (highest total metal release rates per surface area after exposure into 
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BSA, LYS, and PBS were for martensitic WA410LM<45µm (0.019 µgcm-2week-1), austenitic 
GA316LA<45µm (0.003 µgcm-2week-1), and austenitic WA304BA<45µm (0.002 µgcm-

2week-1), respectively). 
 

- Total amounts of metal released from investigated stainless steel powders were significantly 
lower compared with their corresponding massive sheets. Larger released amounts are most 
probably an effect of freshly abraded surfaces of the massive metal sheets, not the case for 
the powders with aged surface oxides in their as-received condition. In addition, the presence 
of considerably higher amounts of relative chromium content in surface oxide of particles, 
before and after exposure to biological media, can also contribute to significantly less metals 
released. 

Total amounts of metals released per surface area in one week from different grades of water-
atomized powders and massive stainless steel exposed to PBS with and without proteins are 
presented and compared as follows: 
PBS (µgcm-2week-1): 430M (0.43) >> 304M (0.28) > 304BP (0.36) > 310M (0.24) >> 430LP 
(0.08) ≈ 310LP (0.06) > 316LM (0.003) > WA316LP (0.001) 

PBS+LYS (µgcm-2week-1): 430M (0.94) > 304M (0.81) >> 310M (0.48) >> 430LP (0.11) > 
310LP (0.06) > 304BP (0.02) > 316LM (0.003) > WA316LP (0.0005) 

PBS+BSA (µgcm-2week-1): 430M (4.67) >> 430LP (2.76) > 304M (1.97) > 310M (0.85) > 
310LP (0.29) > 304BP (0.22) > 316LM (0.014) > WA316LP (0.003) 
(M and P represent massive stainless steels and particulate stainless steels, respectively) 
- The extent of metal release from the powders was strongly reduced with time and indicated 

a time-dependence that can suggest healing of defects and dissolution of instable 
phases/inclusions along with chromium enrichment of the passive surface oxide.  
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CHAPTER 5 FUTURE WORK 

Further studies concerning chemical speciation of released metals into biological media (for 
example, by using polarography) and possible complexes formed in the protein-metal surface 
interfaces (by means of e.g. confocal Raman spectroscopy) are highly recommended to 
improve the understanding of potential adverse health effects induced by metal release.  
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