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Stainless steel is widely used in biological environments, for example as implant material or in food
applications, where adsorption-controlled ligand-induced metal release is of importance from a corro-
sion, health, and food safety perspective. The objective of this study was to elucidate potential correlations
between surface energy and wettability of stainless steel surfaces and the release of iron in complexing
biological media. This was accomplished by studying changes in surface energies calculated from con-
tact angle measurements, surface oxide composition (X-ray photoelectron spectroscopy), and released
iron (graphite furnace atomic absorption spectroscopy) for stainless steel grade AISI 304 immersed in
fluids containing bovine serum albumin or citric acid, and non-complexing fluids such as NaCl, NaOH,
and HNOs. It was shown that the surface wettability and polar surface energy components were all
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Metal release influenced by adventitious atmospheric carbon (surface contamination of low molecular weight), rather
Adsorption than differences in surface oxide composition in non-complexing solutions. Adsorption of both BSA and
Protein citrate, which resulted in ligand-induced metal release, strongly influenced the wettability and the surface

energy, and correlated well with the measured released amount of iron.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

1.1. The surface of stainless steel is changed due to corrosion
processes

Stainless steel is widely used in biological environments, for
example as implant materials [1] or in food contact applications
[2,3]. Such environments inevitably result in the adsorption of
proteins that can significantly influence the surface oxide charac-
teristics and enhance the release of metals, even if stainless steel
is in its passive state (not actively corroding) and maintains a
high corrosion resistance [4]. The surface oxide (“passive film”)
of all stainless steel grades is mainly composed of iron(Ill) and
chromium(III) oxides and is typically 2-5 nm thick in most acidic
and neutral environments at room temperature with no applied
potential [4-7]. The relative proportion of chromium (Cr) to iron
(Fe)in the surface oxide is not necessarily altered upon contact with
neutral non-complexing aqueous solutions [4,7]. It is, however,
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strongly affected (enhanced proportion of Cr) in acidic, complex-
ing (chelating), and/or protein-containing solutions, such as citric
acid/citrate [6,8,9], nitric acid [6], sulfuric acid [7,10], and solutions
containing bovine serum albumin (BSA) [4].

1.2. Corrosion and metal release are influenced by
ligand-induced processes in complexing solutions

The surface oxide of stainless steel is in complexing environ-
ments exposed to different ligands (complexing agents) such as
citrate and proteins. This induces ligand adsorption, complexa-
tion with a surface oxide/hydroxide metal atom, and the possible
detachment of the ligand-metal complex from the surface oxide
(rate limiting step) [11]. Ligand-induced metal release is hence
adsorption-dependent [12,13], but also dependent on pH [12],
stability constants of surface complexes [9,14],and on other param-
eters such as temperature [15]. Depending on the environment,
the metal release from stainless steel is also influenced by other
processes including active corrosion and protonation [4,11,14]. The
dynamic exchange of proteins between the surface and the solution
is important for the metal release process, and depends on various
factors including protein concentration and agitation [16].
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1.3. Electrostatic (EL), electrodynamic (LW), and polar (AB)
interactions are important for surface adsorption of solution
species

Surface adsorption is influenced by the surface charge of stain-
less steel and of adsorbed species [ 17], which results in electrostatic
(EL) forces (repelling or attractive) [18]. Non-polar (electrody-
namic, or Lifshitz-van der Waals - LW), and polar (electron-donor,
electron-acceptor, or Lewis acid-base - AB) interactions are both
important for any surface adsorption [17-19]. These properties can
be determined via contact angle measurements using liquids of dif-
ferent and known surface energy components [18]. Dehydration of
water at the surface and changes in protein conformation where
the driving force is a net gain in entropy, are important in the case
of BSA adsorption. This process takes place even if the polarity is
the same as the stainless steel surface [20,21].

1.4. The zeta potential of stainless steel is negative at neutral pH

The surface charge is important for the adsorption of proteins
(especially for small, hard proteins), since one of the driving forces
for protein adsorption on stainless steel is electrostatic [17,20,21].
The zeta potential of massive stainless steel is commonly reported
as negative at neutral pH and the isoelectric point (IEP) was identi-
fied between pH 3 and 5 [4,21-24]. Even significantly higher IEPs,
between 6 and 8.5, have been reported for stainless steel particles
[25,26] and massive sheet of stainless steel (predicted data)[27,28].
More positive IEPs of nano- and micron-sized stainless steel parti-
cles compared with massive sheet may be explained by differences
in surface oxide speciation (such as composition, thickness, crys-
tallinity, phase distribution, and catalytic properties) [29-31]. No
significant differences in IEP have been reported in the literature
[32] for different pure metal particles and their corresponding bulk
oxides. However, since all of these particles were treated in NaOH
and HNOs prior to the measurements, this might have influenced
the results. Reported IEPs of bulk oxides and hydroxides of iron
and chromium vary between 4.5 and 8.5 [33,34]. This is higher
compared with measurements for massive stainless steel surface
oxides made of similar constituents. Somewhat lower IEPs have
been reported for several metals and alloys (e.g. stainless steel)
[23,35] with thin surface oxides (as compared with bulk oxides).
The lower IEPs of metals could possibly be explained by a mir-
ror effect of electrons at the metallic interface adjacent to the thin
surface oxide [36,37].

1.5. Aim

The aim of this study was to elucidate the importance and con-
nection between surface physicochemical characteristics including
surface energy and wettability with the release of iron from stain-
less steel surfaces in complexing biological media. The study
hypothesis was that BSA and citrate adsorption, which results in
ligand-induced metal release, influence the surface energy of the
stainless steel surface. This information on wettability and surface
properties could provide further information about metal release
mechanisms and link the surface biochemical aspects with corro-
sion and metal release processes.

Differences in surface energies calculated from contact angle
measurements, surface oxide composition, and released iron from
stainless steel grade AISI 304 immersed in complexing solutions
containing bovine serum albumin or citric acid were studied. The
influence of both polar and non-polar surface energies was studied
in relation to metal release by using both the van Oss et al. [38,39]
and the Della Volpe et al. [40] methods.

Table 1
Surface tension parameters (m]/m?) of the different liquids, using values from van
Oss et al. [38,39] and Della Volpe et al. [40].

Liquid Van Oss et al. (vOCG) Della Volpe et al.
YTotT Yiw Va y* YTotr Yiw Y v
Water 728 21.8 255 255 728 262 112 485
Glycerol 64 34 574 392 635 35 27.8 7.33
Diiodomethane  50.8  50.8 0 0 50.8 508 0 0
Formamide 58 39 396 225 581 355 113 113
Table 2

Microstructure and bulk composition (wt.%) of the austenitic stainless steel grade
AISI 304, based on supplier information.

Cr Fe Mn Ni Mo C P Si S

18.1 Balance 1.1 9.0 0.3 0.05 0.03 0.3 0.002

2. Materials and methods

2.1. Calculation of polar and non-polar surface energies and
choice of methods

Based on the Young-Dupreé equation, the free surface energy of
asolid material (ytor) and its acid-base (y* and ) and Lifshitz-van
der Waals (y1w) components of the surface free energy [38,39,41]
are assumed to be additive according to Eq. (1) [41]:

YroT="w +/ vy~ (1)

Contact angle measurements between a liquid of known prop-
erties and a surface can be used to calculate the free surface energy
components by utilizing at least three liquids with different prop-
erties, and solving three equations of this type (2) [38,39]:

YoV vV vEvD Vs v (2)

Here, 6 is the contact angle and S and L denote the solid and liquid
phase, respectively. At least one of the liquids should be non-polar
(y* =y~ =0),giving the y1 component of the solid surface directly.
However, there are conflicting opinions in the literature on how to
perform these types of measurements and calculations. The method
of van Oss et al. (vVOCG) [38,39] has been criticized by Della Volpe
et al. [40,42] for the choice of liquids used for contact angle mea-
surements, selected values for their corresponding free energies,
and the direct comparison between acid and basic properties. This
will however not be discussed in detail in this paper. We therefore
report surface energy values calculated using both the vOCG and the
Della Volpe et al. methods to allow relative comparisons between
the methods for differently treated surfaces. Water, formamide and
glycerol, or water, formamide and diiodomethane combinations
were selected to obtain well-conditioned sets of equations [40].
Surface tension parameters for the different liquids are given in
Table 1.

A Matlab (version 7.8) program using a least-square method was
used for solving non-linear equations for each liquid (Eq. (2)).

(14 cosf) =2(

2.2. Exposure conditions and surface treatments

Stainless steel AISI 304 (Table 2) coupons approximately
sized 1.0cm x 1.0cm x 0.1cm and with a total surface area of
1.98-2.40cm? were polished down to 0.25 wm (diamond paste)
and ultrasonically cleaned between each grinding/polishing step
for 3 min in acetone. The coupons were then ultrasonically cleaned
in acetone and isopropyl alcohol for 7 min, dried with cold nitrogen
gas, and positioned in a desiccator (room temperature) for 244+ 1h
prior to exposure. The cleaning and aging procedure was selected to
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enable comparison with literature data [4], and to allow the growth
of a defined surface oxide. Contact angle measurements were made
on 2-4 coupons, and X-ray photoelectron spectroscopy performed
on 2 coupons directly after polishing and after aging. The other
coupons were put in acid cleaned polypropylene centrifuge tubes
to which 4 mL of the respective solution was added (surface area to
solution volume ratio of 0.5cm™1). Four individual coupons were
exposed for each test condition, with one blank solution sample
(no coupon added) exposed in parallel. Immersion was conducted
at 37 4+0.5°C (Stuart platform-rocker incubator, 25 cycles/min of
bilinear shaking) in:

e 10mM NacCl (0.584 g/L, Merck, initial pH 5.8), for 10 min (pH
decreased to 5.1 +£0.1) and 24 h (pH increased to 6.0 £ 0.1)

e citric acid (5.0 g/L, 99% purity, Sigma-Aldrich, initial pH 2.4), for
10 min (pH unchanged: 2.4), 1h (pH decreased to 2.340.007),
24h (pH decreased to 2.14+0.01), and 168 h (pH decreased to
2.3+£0.01)

e 10mM NaCl containing 10g/L bovine serum albumin (BSA,
L: 120M1886V, Sigma-Aldrich, initial pH 6.740.5), denoted
NaCl+BSA, for 10min (pH decreased to 6.6+0.1), 1h (pH
decreasedto5.34+0.8),24 h(pH decreasedto 6.0+ 0.3),and 168 h
(pH was unchanged: 7.0 +0.02).

In addition, four coupons were exposed at 60 + 2 °C to 6 M HNO3
(initial pH <0) for 1 h (pH <0), and to 2 M NaOH (initial pH of 13.0)
for 2 h (pH unchanged: 13.0). Another four coupons were exposed
to 6 M HNOs (as above), followed by measurement of contact angle.
They were then cleaned according to the above procedure (acetone
and isopropyl alcohol) and exposed to citric acid for 24 h (final pH
2.3+0.03).

After exposure, all coupons were rinsed with ultrapure water
(18.2MSQcm) for 5s (if not denoted differently). Subsequently
(<10 min), they were dried with cold nitrogen gas followed by
immediate (<2 h) measurement of contact angle. To ensure accu-
rate trace metal analysis of released iron from the stainless steel in
solution all vessels and equipment were acid-cleaned in 10% HNO3
for at least 24 h, rinsed four times in ultrapure water (18.2 M2 cm),
and dried in ambient laboratory air. All chemicals were of ana-
lytical grade (p.a.) or puriss p.a. grade (in the case of nitric acid
used for solution sample acidification prior to atomic absorption
spectroscopy analyses).

2.3. Contact angle measurements

Static contact angles were determined using a PG-X pocket
goniometer (Fibro Systems AB, Sweden). To avoid cross-
contamination between the investigated fluids, each fluid had a
unique set of tubes and syringes. The contact angle was mea-
sured after a 3-20s delay, and after another 5-15 s delay between
each drop. Individual static contact angle measurements were per-
formed twice for each coupon and fluid. Between two and five
coupons were measured for each exposure condition. Contact angle
datais presented as average values and standard deviation between
all coupons for each exposure condition (between 4 and 10 single
measurements), or for single coupons (2 single measurements), as
indicated in figures and tables.

2.4. Metal release measurements

Graphite Furnace Atomic Absorption Spectroscopy (GF-AAS)
using a Perkin Elmer AAnalyst 800 instrument was used to deter-
mine the amount of released iron in each acidified (65vol%
ultrapure HNOs3, pH <2) solution sample. The method by Vogel-
sang et al. [43] was used to determine the limit of detection (LOD),
limit of identification (LOI), and limit of quantification (LOQ). The

calibration curve was based on calibration standards (in 1vol%
HNO3) of 0, 5, 10, 25, 50, and 100 pg/L. The curve was linear up
to 25 pg/L, and non-linear at higher concentrations (100 ug/L devi-
ated —34% from the extrapolated linear curve). The non-linearity of
the curve was accounted for by the instrument using a non-linear
fitting curve through zero. The LOD, LOI, and LOQ were calculated
based on the calibration points 5, 10, and 25 pg/L (in the linear
range) by comparing the calibration signals with signals of spiked
samples in each fluid. LOD values of 2.1, 0.5, and 0.5 pg/L Fe were
determined in citric acid, in 10 mM NacCl, and in NaCl + BSA, respec-
tively. The corresponding LOI numbers were 4.1, 1.0, and 1.0 p.g/L
Fe, respectively. The LOQ values were determined to be 6.0, 1.4, and
1.5 pg/L Fe in citric acid, in 10 mM Nacl, and in NaCl + BSA, respec-
tively. The recoveries of 5, 10, and 25 p.g/L spiked samples, which
should not deviate more than 15% from 100%, were all between
94 and 107%. Since the acidified HNO3; and NaOH solutions were
similar to the calibration standard matrix, their LOD, LOI, and LOQ
values were lower compared with the other solutions, <2.1, <4.1,
and <6.0 pg/L Fe, respectively. Solution samples of HNO3, NaOH,
citric acid, and NaCl + BSA (two samples after 24 h, all samples after
168 h) were diluted 12.5 times to ensure that concentrations were
within the calibration range. The blank values of all samples were
positive and subtracted from the significantly higher solution sam-
ple values. The blank values were <1% of the sample values in NaCl,
<1.7% in citric acid and HNOs3, and 24% after 10 min, 16% after 1h,
and <1.7% after 24 or 168 h in NaCl + BSA. Relatively high blank val-
ues (between 1.3 and 22 pg/L Fe) and their variation in the BSA
contacting fluids were attributed to the iron content of BSA, as pre-
viously reported in Lundin et al. [44]. This influence was accounted
for in average values and standard deviations using a background
correction for Fe in BSA (see supporting information).

2.5. Surface oxide composition measurements

Surface compositional analysis was performed using X-ray
photoelectron spectroscopy, XPS. Spectra were recorded using a
Kratos AXIS UltraDLD X-ray photoelectron spectrometer (Kratos
Analytical) using a monochromatic Al X-ray source (150W) on
areas of approximate size 700 pm x 300 wm. Wide spectra (sur-
vey scans) were run to identify elements present in the outermost
surface oxide (information depth of a few nanometers). High reso-
lution spectra (20 eV pass energy) were acquired for the main bulk
compositional elements Cr 2p, Fe 2p, and O 1 s of each test coupon
including carbon (C 1s). Two readings were performed for each
coupon, and duplicate coupons, resulting in four high resolution
spectra in total investigated for each surface treatment. Peak pos-
itions were referenced to the C 1s peak at 285.0eV. The relative
content of oxidized iron and chromium in the outermost surface
oxide was determined and presented as their relative mass ratio,
Crox/(Crox + Feox ). Based on the peak positions for oxidized Cr and
Fe (Crmet: 574.3 £0.1eV, Crox: 577.5 £ 1.1 eV, Feper: 707.1+£0.1€V,
Feox: 710.8+1.8eV) and previous investigations [4,44], Cr was
present in its trivalent oxidation state for all conditions and Fe was
present in its trivalent or divalent oxidation states. No deconvo-
lution of the Fe 2p peak was made to resolve the oxidation state of
iron.

3. Results and discussion

3.1. Surface contamination is the main explanation for
differences in wettability and polar components of the surface
energy of stainless steel in non-complexing fluids

Fig. 1 shows static water contact angles, amounts of carbon
in the outermost surface and amounts of oxidized chromium
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Fig. 1. Static contact angles and corresponding standard deviations for differently pre-treated stainless steel coupons of grade 304 at different surface areas of each coupon
(a), amounts of surface carbon for two independent coupons (285.0eV: C—C and C—H bonds [51,52]; 286.5 + 0.2 eV: C—0, and C—N bonds [51,52]; 288.6 0.1 eV: 0—C=0
bonds [52]) measured by means of XPS (b), and the relative percentage of oxidized chromium in the surface oxide (oxidized Fe and Cr) measured by means of XPS at four
different surface areas of two independent coupons for different pre-treatments (c). The average and standard deviation of single coupons (measured 1-2 times at 2 locations)
(a) or two independent coupons, measured at 2 different locations twice, are shown (b and c).

in the surface oxide (as determined by XPS), for selected expo-
sures/treatments. The 304 stainless steel coupons showed large
variations in water contact angles, in agreement with literature
findings (between <10 and 126°) depending on surface treatment
[3,45-49]. No clear correlation was observed between the contact
angles, Fig. 1a, and the oxide composition, Fig. 1c. We therefore
postulate that observed variations among, or within, different sur-
face treatments, Fig. 1a, were mainly related to the extent of surface
contamination (represented by the total amount of surface carbon).
This is supported by literature findings on reduced water contact
angles with reduced surface contaminations [48,49], and the obser-
vation that no relation was evident with changes in surface oxide
composition [48,49]. A metal surface that is essentially free of con-
tamination would result in a totally wetted surface [50]. Surface
contamination can be derived from cleaning solvents (acetone or
isopropyl alcohol) and from adventitious atmospheric carbon, and
is mainly characterized by C—C and C—H bonds (285.0eV), Fig. 1b.

Surface energy values are compiled in Table 3, based on
static contact angle measurements of water, formamide, and
diiodomethane, and calculated using the vOCG and the Della
Volpe et al. methods (see Section 2 for details). Analogous calcula-
tions using the combination of water, glycerol and diiodomethane
showed similar trends (see Table S1). The methods by vOCG [38,39]
and Della Volpe et al. [40] differ mainly in the polar component
y~(see Table 3) and reveal similar trends between the different
treatments/exposures. Calculated y values according to the vOCG
method are in agreement with literature findings for stainless steels
[45,46,53,54]. The results revealed generally higher y~ values com-
pared with y*, and ypw values of approximately 40 mJ/m?2. The
relatively higher ¢~ values are expected due to the negative zeta
potential (low IEP) of stainless steel [55]. The extent of 40 mJ/m?
for the non-polar component y of the surface energy is similar to
many other compounds, e.g. various proteins [56] or stainless steel
cleaned in different ways [49].

Exposure to 10 mM Nacl for 10 min resulted in a less polar sur-
face, as indicated by a significantly reduced y~ value (p<0.05, as
determined by a student t-test of unpaired data and unequal vari-
ance) compared to the freshly polished and aged coupons. It could
not be concluded whether this difference, not observed after 24 h
in the same medium, was due to additional surface contamination,
or an exposure effect. The amount of released iron during the expo-
sures (see Table 3) correlated with the enrichment of chromium in
the surface oxide as in Fig. 1. The correlation between released iron
and chromium enrichment of the surface oxide is well-documented
for stainless steel in its passive state [31,57-59]. It is explained by

a preferential release of iron compared with chromium that results
in a more passive chromium-rich surface oxide over time. No clear
correlation was observed between the Fe/Cr ratio in the surface
oxide and the calculated y~ values for any conditions. This is in
agreement with some literature findings [49], but in contrast with
other findings for y~ values exceeding 25 m]/m?2 [60]. Surface treat-
ments with HNO3 or NaOH both resulted in relatively high amounts
of released iron, Table 3, a pronounced enrichment of chromium in
the surface oxide, Fig. 1c, and relatively low observed water contact
angles and high calculated y~ values. The latter is most probably
related to a reduced surface contamination.

No significant differences in static contact angles or chromium
enrichment in the surface oxide were observed among samples
treated for 24 h in citric acid, or passivated by HNOs, or after HNO3
passivation and 24 h exposure in citric acid in sequence, Fig. 2. This
may be connected to relatively low amounts of surface contam-
ination due to relatively rapid surface processes. Such processes
could be electrochemical corrosion (oxidation of metal) and ligand-
induced chemical or electrochemical surface oxide dissolution [11],
and adsorption of citrate, further discussed below. The HNO3 pas-
sivation pre-treatment, which results in the formation of a stable
passive surface oxide of high electrochemical barrier properties
[6,61], caused, as expected, significantly lower released amounts of
iron into citric acid, Fig. 2c. It could be argued that a lack of correla-
tion between surface composition and wettability/surface energy
is due to the fact that the chromium oxidation state remained triva-
lent throughout all investigations. Previous investigations have
however not been able to show any relationship between the sur-
face composition of stainless steel and its wettability properties,
even when changing the chromium oxidation state at the surface
from trivalent to hexavalent chromium by means of oxygen plasma
treatment [49].

The results emphasize that the extent of surface contami-
nation (atmospheric adventitious carbon and possibly adsorbed
solvents from surface cleaning [46,62]) largely influences mea-
sured static contact angles and hence calculated surface energies
of polished, aged surfaces of stainless steel and when exposed in
non-complexing media.

3.2. Metal release and wettability correlate due to adsorption of
BSA and citrate

Fig. 3 displays results on iron release, contact angles, and calcu-
lated ¥~ components for stainless steel immersed in NaCl+BSA.
While the amount of released iron was similar compared with
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Static contact angles of water, and calculated surface energy values (mJ/m?) based on contact angle measurements with water, formamide, and diiodomethane using the van

Oss et al. [38,39] and Della Volpe et al. [40] methods, and released amounts of iron per surface area in each fluid.?

Water contact angles ~ vanOss ypw  vanOssy~  van Oss y* Della Volpe yiw  Della Volpe y~  Della Volpe y*  Released iron
(pg/em?)

Freshly polished 80 + 3.3 38 +0.34 72+ 1.7 0+0 39 + 0.50 2.1 +0.53 0+0 -
24h aged 51 +29 40 £ 1.0 33+£3.0 0+0 39+ 1.1 13+14 0+0 -
10 min NaCl 84 +39 39+39 44+ 1.0 0+0 40 + 3.5 1.1 £0.32 0+0 0.27 + 0.080
24h NaCl 92 +34 40 + 0.95 39 +20 0+0 40 + 0.82 15+7.8 0+0 0.25 +0.12
1h HNO; 42 + 26 43 £22 43 +23 0.13 + 0.32 42 +£3.0 19+9.7 0.24 + 0.58 2.4 + 0.66
2h NaOH 51 £ 17 41 £3.2 31+19 0.048 + 0.073 41 +3.0 13+74 0+0 0.96 + 0.099

2 The water contact angles and surface energy values are shown as average values and standard deviations of 2-4 independent samples, 2 different locations on each
sample, and 1-2 measurements on the same location, i.e. 4-16 single measurements. Released iron is shown as the average value and standard deviation of three independent
samples, which were measured three times, i.e. 9 single measurements.
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Fig. 2. Static water contact angle (a), relative amount of oxidized chromium in surface oxide (oxidized Fe + Cr) measured by means of XPS (b), and amount of iron released
into solution measured by means of GF-AAS (c), for non-exposed polished and aged (24 h) stainless steel 304 coupons, 24 h citric acid, 1 h HNO3, and subsequently 24 h citric

acid (pre-treated in 1 h HNO3) (c.f. material and methods). The error bars show the standard deviation between four independent samples. CA denotes citric acid.

literature findings in phosphate buffered saline and 10g/L BSA
(PBS +BSA, otherwise similar conditions) [4] after 168 h of expo-
sure, it was significantly lower for the shorter exposure time
periods between 10 min and 24 h, Fig. 3a. Increased metal release
in solutions of increased BSA concentration has previously been
attributed to structural changes of the adsorbed BSA layer [4,16,63].
The adsorption of BSA at high solution concentrations (10 g/L) s fast
due to a high mass transport flux [63]. Thus, significantly reduced
contact angles after 24 h of exposure (Fig. 3b) may be explained by
structural changes of the adsorbed BSA layer. Literature reports of
water contact angles for a film of pure, hydrated BSA, or adsorbed
on a passive metal (Ti), showed very low contact angles (<13°)
[56,64]. As the BSA molecules are more shielded due to counter

ions in solutions of higher ionic strength [21], the repulsive force
between BSA molecules and the surface is reduced. From this fol-
lows a random orientation of adsorbed BSA in solutions of higher
ionic strength. Lower released amounts of iron for the short expo-
sure time period in NaCl+BSA of lower ionic strength compared
with the PBS+BSA solution may hence be explained by initially
less interaction between the stainless steel surface and the BSA due
to higher repulsive forces. Increased interaction resulted in higher
amounts of released iron, either indirectly (facilitated chemical or
electrochemical dissolution of surface oxide or the metallic inter-
face due to weakened metal-oxygen bonds, deaeration, or reduced
pH) or directly by the release of protein-metal complexes. The lat-
ter case is possible for agitated solutions of relatively high protein
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Fig. 3. Iron released into solution measured by means of GF-AAS (a), static water contact angles, and corresponding van Oss et al. y~ values (based on water, formamide,
and diiodomethane) (b), and their correlation for individual coupons (c) of stainless steel 304 exposed to NaCl + BSA for 10 min, 1, 24, and 168 h, respectively. *Literature data
[4] for identical exposure conditions in phosphate buffered saline (8.77 g/L NaCl, 1.28 g/L Na,HPOy4, 1.36 g/L KH,POy4, pH 7.2-7.4) and 10 g/L NaCl (PBS + BSA) after 2, 24, and
168, is included for comparison. N/A - no literature data available. The dotted lines are only guidance for the eye. Error bars: (a) background corrected standard deviation
between 4 and 6 independent samples (c.f. experimental and supporting information), (b) standard deviation between 2 or 3 independent coupons.
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Table 4
Static contact angles of water, and surface energy values (m]/m?) calculated from contact angles of water, formamide, and diiodomethane, using the method of van Oss et al.
[38,39] and Della Volpe [40].2

Water contact angles  van Oss y1w van Oss y~ van Oss y* Della Volpe y1w Della Volpe y~ Della Volpe y* Released iron
(ng/em?)

Freshly polished 80 +3.3 38 £ 0.34 72+ 1.7 0+0 39 +0.50 2.1 +0.53 0+0 -
24h aged 51+29 40 £ 1.0 33 +3.0 0+0 39+ 1.1 13+14 0+0 -
10 min NaCl +BSA, 62.7 +£ 2.5 39.8 £ 0.1 227+ 14 0+0 44.1 £ 0.8 0.6 + 0.4 0+0 0.098 + 0.12
1h NaCl+BSA, 63.3 +2.7 449 £ 05 16.1 £ 1.7 01+0 449 £ 05 6.1+09 02+0 0.07 &+ 0.05
24h NaCl+BSA 735+ 7.2 434 + 2.7 8.0+71 04+ 0.6 435+2.38 24 +33 47 £ 6.6 0.58 + 0.68
168 h NaCl +BSA 147 £ 1.8 45.3 + 0.6 579 +£ 1.1 01+0 439 + 04 28.1 £ 0.1 0+0 1.72 £ 0.24
10 min CA 61.6 +9.5 409 + 1.5 16.0 + 14.0 13+17 408 + 14 6.2 +83 8+114 0.38 + 0.03
1hCA 63.0 +17.3 414 + 0.6 17.8 +£22.8 1.5+ 22 408 + 1.8 7.3 +10.3 83+ 118 0.29 + 0.19
24hCA 293 +84 420+24 44.6 + 10.8 0.6 £ 0.6 415 +£3.2 222 +£56 06 +13 1.91 £ 048
168h CA 249 £ 36 442 +1.0 469 + 3.2 0.6 +0.3 440 £ 1.1 249 +2.1 0.1+02 3.99 + 0.98

2 The water contact angles and surface energy values are shown as average values and standard deviations of 2-4 independent samples, 2 different locations on each
sample, and 1-2 measurements on the same location, i.e. 4-16 single measurements. Released iron is shown as the average value and standard deviation of three independent

samples, which were measured three times, respectively, i.e. 9 single measurements.
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Fig. 4. Amount of iron release into solution measured by means of GF-AAS (a), static water contact angles, and corresponding y~ values (based on water, formamide, and
diiodomethane) calculated using the vOCG method (b), and their correlation for individual coupons (c) of stainless steel grade 304 exposed to citric acid (pH 2.4) for 10 min,
1, 24, and 168 h. The error bars show the standard deviation among four uniquely exposed coupons.

concentrations, as in this study [16]. Similar total released amounts
ofiron were observed for the two solutions after 168 h, explained by
similar total amounts of adsorbed BSA, since the maximum amount
of adsorbed BSA is independent of the ionic strength at pH 7.4
[21]. Large deviation among individual coupons observed after 24 h
exposure in NaCl +BSA indicates a transition from relatively low
to significantly higher released amounts of iron, correlated with
increased y~ polar component values and reduced static contact
angles, Figs. 3a-c. High levels of iron release clearly correlated with
low contact angles and high y~ values, Fig. 3c.

The most significant change in terms of surface energy was
observed for y— after 168 h exposure to NaCl + BSA (p <0.01), while
no significant difference was observed for the other exposure times,
compared to the freshly polished and aged coupons. yy increased
slightly (significant, p<0.01, after 1 h and 168 h of exposure) when
immersed in NaCl +BSA, Table 4, compared with freshly polished
and aged coupons. There was no significant difference for y*.

Similar trends were observed for stainless steel exposed to cit-
ric acid (pH 2.4), Fig. 4, with increased amounts of released iron
and calculated y~ values (Table 4), and reduced water contact
angles with time, Figs. 4a and b. There was also a clear correlation
between released amounts of iron and both y~ values and water
contact angles, Fig. 4c. The difference of the polar component y~
was significant (p <0.05) after 24 and 168 h of exposure to citric
acid, compared to freshly polished and aged coupons. Correspond-
ing differences for the y1w and the y* components were significant
(p<0.05) after 1 and 168 h (yrw), and 168h (y*) of exposure in
citric acid, Table 4. The results imply that all surface energy com-
ponents increase with time, indicating a surface with increasingly
amphoteric properties.

The results indicate a layer of citrate that becomes more com-
pact and ordered after approximately 24 h of exposure, when low

contact angles were observed, approaching conditions for a totally
wetted carboxylated surface (<10°) [65].

In all, observed findings indicate that the surface energy
increases with time and correlates with released amounts of iron.

4. Conclusions

The objective of this study was to elucidate the importance
and connection between surface physicochemical characteristics
including surface energy and wettability and surface oxide com-
position with the release of iron from stainless steel surfaces in
complexing biological media.

No correlation was observed between the surface oxide
composition of stainless steel (grade AISI 304) and calculated
surface energies or the wettability for polished, aged surfaces
in non-complexing solutions. Instead, the surface contamination
(adventitious atmospheric carbon or from cleaning solvents) prob-
ably strongly influenced the surface energy of stainless steel. The
amount of released iron from stainless steel in solutions containing
BSA or citrate (10 mM NaCl+10g/L BSA, 5 g/L citric acid) strongly
correlated with the measured wettability and calculated surface
energy. The surface energy components (ypw, ¥, ¥~ ) increased and
the static water contact angles decreased with increased amount of
released iron. These observations and the delay in released amounts
of iron with time strongly suggest an adsorption-controlled ligand-
induced metal release process in the presence of BSA and citrate.
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