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2.7. UV- visible spectroscopy (UV-vis)

Whey protein solutions, that were either freshly prepared or ex-
posed for 48 hat stirring conditions with and without stainless steel
coupons, were analyzed using UV-vis spectroscopy (Perkin Elmer,
Lambda 750). Before exposure, all solution samples were diluted 1:100
in ultrapure water and centrifuged at room temperature through a filter
with 100 kDa cut off (GE Healthcare, Vivaspin 6, 100 kDa MWCO) at
3000 r.c.f. 1 mL of the centrifuged solution was analyzed in a quartz
cuvette with 1 cm path length, using ultrapure water as the baseline.
The absorption peak at 280 nm was analyzed in terms of area and peak
height using Origin 2016 software.

2.8. LOM and SEM

A Leica DM2770M light optical microscope equipped with a Leica
DFC295 camera and a tabletop TM-1000 scanning electron microscope
were used to examine the 316L coupons prior to and after exposure to
the different exposure conditions and durations.

2.9. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed to quantify the surface oxide
composition and gain insight into protein adsorption. A UltraDLD
spectrometer (Kratos Analytical) with a monochromatic Al Ka x-ray
source (150 W) was used for measurements of two separate areas
(700 x 300 um?) on unexposed and exposed 316L coupons. Elements of
the outermost surface oxide were determined by running a wide spec-
trum and high-resolution spectra (pass energy 20eV) for the main
elements of the alloy, the solution, and the protein: Fe 2p, Cr 2p, Ni 2p,
P 2p, Cl 2p, N 1s, O 1s, and C 1s. All binding energies were corrected
using the C 1s peak at 285.0 eV. The 2ps,, peaks of Fe 2p and Cr 2p
were separated in their metallic (Fe: 707.4 = 0.2eV; Cr:
574.4 + 0.3eV) and oxidic (Fe: 711.5 * 0.6eV; Cr: 577.2 = 0.5eV)
fractions to quantify their relative amounts. Ni (2p) was only observed
in its metallic state (853.1 + 0.2eV).

2.10. Statistical analysis

Compared sets of data were statistically evaluated using a Student's
t-test, with unequal variance and for unpaired data, using the
Kaleidagraph v. 4.0 software.

3. Results and discussion
3.1. Metal release

Released (non-precipitated) amounts of Fe, Cr and Ni in solution
from the 316L coupons exposed for different time periods in PBS, SMS,
and the whey protein solution at static and stirred conditions are pre-
sented in Fig. 2. In all cases, the released amounts of metals were higher
(on average an 8-fold increase) at stirred-compared with static condi-
tions. As expected, the released amount of Fe often exceeded its bulk
composition (=69 wt%). It surpassed 90 wt% of the total metal
(Fe + Cr + Ni) release in PBS, and for most time points in the whey
protein solution. Cr was released to a lower extent compared to its bulk
composition (17 wt%): 2-7 wt% in PBS (stirring conditions), 0.4-6 wt%
in SMS, and 0.4-12 wt% in the whey protein solution. These observa-
tions agree with earlier findings and are a consequence of a higher
solubility of Fe compared to Cr from the surface oxide (Hedberg &
Odnevall Wallinder, 2016). Ni was released to a slightly lower extent
compared to its bulk composition (11 wt%) in PBS (5-11 wt%) and the
whey protein solution (2-9 wt%). However, Ni was preferentially re-
leased after three out of four time points in SMS at static conditions
(0.3-51 wt%) and after all time points in SMS at stirred conditions
(17-26 wt%).
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The increased release of Fe, Cr, or Ni with time from 316L was not
statistically significant at either static or stirred conditions in PBS
(neither between any time points nor between 0.5 and 48 h). A slightly
increasing trend was evident with time, especially for the stirred con-
ditions after 48 h, Fig. 2. In SMS, increased amounts of released Ni and
Cr were statistically significant, especially during the first few hours at
both static and stirred conditions (only for Cr), however not significant
for released Fe. In the whey protein solution, the increased release of all
three metals with time was statistically significant (in all cases between
4 and 24 h) at both static and stirred conditions, with the only exception
of Ni release at static conditions. The seemingly reduced release be-
tween 24 and 48h in the case of the stirred whey protein solution,
Fig. 2, was not statistically significant. A reduction of the metal content
in solution is influenced by different processes such as aggregation of
proteins, formation of protein-metal complexes and their possible pre-
cipitation as well as precipitation of wear debris/particles (Hedberg
et al., 2019; Hedberg et al., 2017; Hedberg et al., 2015). These effects
are further discussed below.

The released amounts of Fe, Cr, and Ni in solution upon exposure in
the whey protein solution were greater (p < 0.05) as compared with
parallel exposures in PBS and SMS at both static and stirred conditions.
These differences were mostly pronounced after 24 h of exposure at
stirred conditions and after 48 h of exposure at static conditions. The
difference in released amounts of metals in PBS compared with SMS
was not very pronounced, but statistically significant for some of the
metals and time points, e.g. a higher release of Ni in SMS compared with
PBS after 48 h of exposure at static conditions (p = 0.004). The released
amounts of Cr into SMS at static conditions were detectable at all time
points, but at no time point in PBS at static conditions. This, in addition
to higher released amounts of Cr and Ni in SMS compared to PBS, Fig. 2,
support a higher metal-complexation capacity of SMS. This capacity is
attributed to its citrate content, known from previous investigations
(Hedberg, Hedberg, Liu, & Odnevall Wallinder, 2011; Hedberg et al.,
2013).

3.2. Influence of metal release on protein aggregation

In order to investigate the ability of released metal ions and wear
debris/particles to enhance aggregation of whey protein, the whey
protein solution was analyzed by means of UV-Vis spectroscopy to
measure its concentration and by dynamic light scattering (PCCS) to
detect possible aggregates. Measurements were carried out on freshly
prepared samples and on samples collected after 48 h of exposure at
stirred conditions with and without any 316L coupons. UV-Vis spec-
troscopy of 100 times diluted and filtered (100 kDa cut off) whey pro-
tein samples did not reveal any difference between fresh whey solutions
and 48 h-stirred whey solutions with or without the 316L coupons
(p = 0.9, data not shown). In contrast, non-filtered and non-diluted
solutions investigated by means of PCCS showed a substantially higher
count rate, corresponding to protein colloids (especially large ag-
gregates), for the whey protein solution exposed without the 316L
coupon compared to conditions with the coupon, Fig. 3. Notably, in
both 48 h stirred samples (blank and with the 316L coupon) there was
an obvious reduction of the count rate after filtration, an effect not
observed for the fresh sample, indicating that larger aggregates were
formed upon 48 h exposure at stirred conditions at room temperature.
The significant decrease in count rate for the whey protein solution that
was exposed to the 316L coupon indicates the formation of, and sub-
sequent precipitation of protein aggregates induced by metal ions and/
or metal wear debris in solution. The results are in agreement with
slightly reduced metal concentrations observed after longer exposure
times in the whey solution, Fig. 2, and with findings from recent in-
vestigations (Thompson et al., 2017).
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Fig. 2. Released amounts of Fe (top), Cr (middle) and Ni (bottom) from grade 316L as a function of exposure time in PBS (left column), SMS (middle column), and the
whey protein solution (right column) at static and stirred conditions. The error bars show the standard deviation of independent triplicate coupons. Blank con-

centrations are subtracted.

< LOD denotes below limit of detection. Note differences in y-axis scales. The lines are only guides for the eye.

3.3. Changes in surface oxide composition and thickness

Changes in composition (metallic and oxidic states) of Ni, Cr, and Fe
in the outermost surface oxide by means of XPS are presented in Fig. 4.
Corresponding spectra are shown in Fig. S2 and corresponding data in
Table S1 (supplementary information). Ni was only detected in its
metallic form. The relative fraction of oxidized metal components
compared with the total metal signal (oxidic and metallic peaks) was
not significantly different for coupons exposed to PBS compared with
the unexposed coupons (87 compared to 89 wt%, see also Figs. S2a-b).
This implies a non-significant change in oxide thickness upon exposure
in PBS. The oxide thickness decreased significantly after 24 h and 48 h
of exposure in SMS (from 89 to =79 wt%) in the case of static condi-
tions (p < 0.05), see also Fig. S2c. A gradual reduction in oxide
thickness was also observed for coupons exposed to the whey protein
solution (from 89 to 84 wt%, statistically significant for the stirred
conditions after 48h, Fig. S2f, p < 0.05) despite a relatively large
amount of adsorbed proteins that should reduce the signal of the me-
tallic peaks, see discussion below. This indicates that exposure of 316L
in both SMS and the whey protein solution results in a reduction of the
oxide thickness, which can be explained by the metal-complexation

abilities of these solutions. Both solutions resulted in addition in an
evident enrichment of Cr in the surface oxide, Fig. 4 and S2, being more
pronounced with time at stirred conditions compared to static condi-
tions. For PBS, a similar enrichment of Cr in the surface oxides was only
observed after 48 h exposure at stirred conditions, Fig. 4.

Phosphorus (P 2p3/2: 133.5 + 0.17eV corresponding to phos-
phate, Naumkin, Kraut-Vass, Gaarenstroom, & Powell, 2012) origi-
nating from the test solutions, was also observed on the 316L surfaces to
a significantly larger extent on coupons exposed to PBS compared to
whey protein exposure conditions (p < 0.001), and to a similar extent
on coupons exposed to SMS. Observed XPS signals of N 1s
(400.1 + 0.2eV) and C 1s corresponding to bonds of C-N, C-O, C,
(peptidic  residues) (286.1 + 0.3eV), C=C-O and O=C-N
(288.6 * 0.2eV) were attributed to the whey protein (Wu, Mu, Zhang,
& Lin, 2009). These signals were pronounced for the 316L coupons that
were exposed to the whey protein solution and only minor for non-
exposed and exposed coupons in PBS and SMS (p < 0.0001). The
atomic ratio between the N 1s peak and the sum of the C 1s peaks
attributed to the protein was 0.32, a lower number compared to pre-
vious findings for albumin adsorbed onto 316L from albumin solutions
(Hedberg et al., 2013; Hirayama, Akashi, Furuya, & Fukuhara, 1990),
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Fig. 3. Count rates of fresh whey protein solutions, whey protein solutions
exposed 48 h at stirred conditions with and without (blank) any 316L coupon.
The solution samples were measured non-filtered, and after filtration through a
0.2 pm PTFE membrane filter. A higher count rate corresponds to larger protein
aggregates and/or increased protein concentration. The error bars show the
standard deviation of three independent samples. The asterisk marks statisti-
cally significant differences (p < 0.05).

but significantly higher compared to the coupons exposed to either PBS
or SMS (p < 0.0002). It should be noted that surface contamination,
also present on the unexposed coupon, contribute to some extent to the
oxidized C 1s signal (the surface contamination was not subtracted),
why the ratio most probably is slightly lower than reality. The results
nevertheless indicate that the whey proteins readily adsorb on the
surface and are not easily removed by the rinsing procedure (see ex-
perimental).

3.4. Corrosion performance

Electrochemical investigations were performed to assess changes in
corrosion properties of 316L for the different exposure conditions.
Changes in open circuit potential (OCP) up to 48 h of static exposure in
PBS, SMS, and the whey solution are presented in Fig. 5 for two in-
dependent replicate 316L coupons. After a small drop (around 50 mV)
in the first hour of exposure in PBS, the OCP remained relatively con-
stant up to 48 h with only small fluctuations. Similar trends and overall
OCP values have previously been reported for 316L in PBS (Hedberg
et al., 2017). In contrast, a sharp drop in OCP was recorded in SMS at
the onset of the measurements, which progressively (after about 7 h)
reached a relatively constant potential of —240 mV up to 48 h. The OCP
in the whey protein solution fluctuated more than corresponding ob-
servations in the protein-free solutions, and did not reach any steady
state condition. The polarization resistance (Table 3) after 48 h of static
exposure of 316L was the lowest in the whey solution, the highest in
PBS (about 10® Q/cm?) and in-between upon exposure in SMS.

To the best of our knowledge, no investigations have been con-
ducted on the influence of whey protein and SMS on the corrosion
behavior of stainless steels. Different polarization resistance values
have been reported in the literature for 316L in PBS (different pH than
in this study). For example, polarization resistances in the order of
10*-10° Q/cm? have been reported for 316L in PBS after passivation in
H,SO4 (pH ~ 2) and in NaOH (pH ~ 13) solutions after 15h of im-
mersion (Tranchida, Clesi, Di Franco, Di Quarto, & Santamaria, 2018).
In another study, polarization resistance values in the order of 10°Q/
cm? were recorded for 316L in PBS (abraded surfaces, 24 h aging, and
18 h immersion) (Hedberg et al., 2013).

Overall, the electrochemical results are in well agreement with
findings on changes in metal release (AAS) and surface oxide compo-
sition (XPS) presented above.
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3.5. Wear

Changes in surface appearance with time observed by means of
LOM on the 316L coupons exposed in PBS, SMS and the whey protein
solution at stirred conditions are presented in Fig. 6. Patterns of scrat-
ches and fine micrometer-sized material loss were observed. The extent
of visible material loss (debris) increased with exposure time. The worn
surfaces exposed in SMS and PBS were characterized by some furrows
and scratches, which imply that the 316L surfaces mainly suffered from
a combination of two-body and three-body abrasive wear (Gates, 1998),
Figs. 6-8. After longer time of exposure, the formation of more debris
favored three-body abrasive wear and caused deeper scratches on the
surfaces, Fig. 7. The surface roughness of these coupons increased in
SMS and PBS with time and, consequently, the surface area in contact
between the magnetic stir bar and the 316L surface became reduced
compared to conditions in the whey protein solution. The wear scar
appearance generated on the 316L surface exposed in the whey protein
solution was completely different compared with observations on
coupons exposed in SMS and PBS, Figs. 6-8. Parallel scratches were
formed and attributed to a two-body abrasion wear process in the whey
protein solution. Some regions showed signs of a three-body-abrasive
wear process due to scratching and rolling of hard wear-debris/parti-
cles. After 48h of exposure in the whey protein solution at stirred
conditions, some surface areas appeared polished. This could be at-
tributed to fatigue abrasive wear that prevails when a material is ex-
posed to cyclic loading (Stachowiak et al., 1993), and is supported by
the formation of lamellar debris and relatively large flakes, Fig. 8. In
contrast, the debris was smaller-sized in the case of SMS exposure,
Fig. 8, and too minor to be observed in the case of PBS. Stirred ex-
posures of 316L in SMS and the whey protein solution seemed further to
result in surface etching, as grain boundaries and grains readily became
visible after 48 h, Fig. 7.

As seen from the SEM micrographs of the worn surface of 316L in
Fig. 8, the abrasive wear was the dominant mechanism in both the PBS
and the SMS solution. In this mechanism, asperities of the 316L surface
were deformed and formed small wear particles (Fig. 8c) that made
some grooves aligned in the direction of sliding. The other wear me-
chanism observed for 316L in the SMS and PBS solutions was micro-
cutting, as shown in Fig. 8 a and b. The worn scare of 316L after im-
mersion in whey protein at stirring conditions was also identified with
grooves typical of abrasive wear mechanism (Fig. 8e). However, ac-
cording to the worn surface observed at lower magnification (Fig. 7),
the abrasive wear was not noticeable at all areas for which the wear
mechanism changed to the production of flaky debris (Fig. 8f), probably
caused by fatigue abrasive wear.

3.6. Further discussion

In all, these observations in surface wear and appearance point at
the importance of combined degradation mechanisms for 316L when
exposed in whey protein-containing fluids. Correlations were observed
between prevailing metal release mechanisms, induced by complexa-
tion, reduction in surface oxide thickness and/or a more active surface,
and wear-induced degradation. 316L coupon exposure in PBS, which
resulted in a negligible extent of metal release, electrochemical activity,
and changes in surface oxide composition at static conditions, also re-
sulted in the least influence of stirring. 316L exposed in SMS and the
whey protein solution, both with metal-complexation abilities, experi-
enced a combination of wear processes and metal complexation, con-
ditions that resulted in a mechanism resembling etching and more se-
vere wear mechanisms. Significantly higher amounts of released Ni in
SMS compared to PBS were most probably related to the presence of
citrate in SMS, a component shown to promote metal release and re-
duce the surface oxide thickness as observed by means of XPS and
supported by literature findings (Kremer, 2004). Similar to findings in
this study, Ni is predominantly present adjacent the surface oxide
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Fig. 4. Relative metal and oxide composition (wt%) of the outermost (5-10 nm) surface of unexposed 316L and of coupons exposed to PBS (a), SMS (b), and whey
protein solution (c) at static and stirring conditions as a function of exposure time. Ni was only detected in its metallic state. Statistically significant differences in the
oxidized Cr content are indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).

(Hanawa, Hiromoto, Yamamoto, Kuroda, & Asami, 2002).

Heat and shear stresses associated with wear can lead to the dena-
turation or re-conformation of proteins that result in their aggregation
or precipitation (Sun, Wharton, & Wood, 2008). Literature findings
show that temperature, protein concentration and time are the main
factors that decisively affect the precipitation of bovine serum lu-
bricants under a sliding in a hip joint simulator (Liao, Benya, &
McKellop, 1999). PCCS results of this study indicate precipitation of
metal-induced protein aggregates from the whey protein solution after
48 h exposure. Similar effects have previously been reported (Hedberg
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et al., 2019; Hedberg et al., 2015; Thompson et al., 2017).

Results of this study indicate that metal release and protein ag-
gregation, induced by surface interactions between whey proteins and a
high-grade stainless steel surface are not negligible and might be
overlooked due to a shiny (polished) surface appearance. This study has
though been conducted at room temperature and it is likely that lower
temperatures will reduce the extent of these interactions, metal release,
and protein aggregation, while higher temperatures will promote their
occurrence. A possible limitation of this study is that a magnetic stirrer
was used to simulate stirred conditions. It is worth noting that there is a
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Fig. 5. OCP measurements of 316L exposed in PBS, SMS and the whey protein solution at room temperature for 48 hat static conditions. Results shown for two

replicate measurements.

Table 3

OCP and polarization (corrosion) resistance (R;,) of 316L in PBS, SMS and whey
solution after 48 h of static exposure (standard error: standard deviation be-
tween three independent replicate measurements).

Solution OCPmV(Ag/AgCl sat. KCl) R,(MQ cm?)
Whey protein —200 *= 55 55 = 20
SMS —240 + 28 129 £ 6
PBS —125 = 20 291 = 10

debate regarding the contribution of magnetic fields on the corrosion
resistance of metals (Linhardt, Ball, & Schlemmer, 2005). A recent study
claims that the magnetic field may enhance the extent of metal release
from stainless steel during exposure to protein solutions at stirred
conditions (Thompson et al., 2017). It might hence be a different extent
of surface interactions and level of metal release at overhead mixing
systems or at other wear conditions without the influence of magnetic
fields.

Future studies should include a toxicological risk assessment.
Alternative contact materials might not necessarily be better alter-
natives from a health perspective, but need to be investigated as well.

0.5h 4h

- |—|
200 pm

—_—
200 pm

When comparing levels of metal release from this, or other similar
studies with specific release limits in a European guideline (Keitel,
2013), the ratio of contact material area to the solution volume of milk
simulant needs to be considered (0.2 cm?/mL in this study). In this
study, the specific release limits were not exceeded for any metal, with
Ni being closest to the specific release limit (50% of limit at worst case).

4. Conclusions

o

. Significantly higher amounts of Fe, Cr, and Ni were released from
316L stainless steel into a whey protein solution as compared to a
simulated milk (SMS) solution and phosphate buffered saline (PBS),
all at pH 6.8.

. The solutions of high metal-complexation capacity, SMS and the
whey protein solution, induced a slight reduction in surface oxide
thickness, a strong enrichment of Cr in the surface oxide, and re-
sulted in significantly higher amounts of released Ni compared to
parallel exposures in PBS.

. Stirring conditions with a magnetic stir bar in contact with the
surface of 316L resulted in significantly higher amounts of released
metals, stronger Cr enrichment in the surface oxide, and evident

N

w

24 h 48 h

| | |
100 pm m;lm

Fig. 6. Representative LOM micrographs of 316L coupons exposed in PBS (top row), SMS (middle row), and the whey solution (bottom row) at stirred conditions for

0.5, 4, 24, or 48 h.
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Fig. 7. Representative LOM (left and middle column) and SEM (right column) micrographs of 316L coupons exposed at stirred conditions in PBS (top row), SMS
(middle row) and the whey solution (bottom row) for 48 h.

Fig. 8. Representative SEM micrographs of 316L
coupons exposed at stirred conditions in PBS (a),
SMS (b) for 48h. Wear debris collected after
exposure of 316L at stirred conditions in SMS for
48h (c). The surface of 316L after exposure to
the whey protein solution for 48 hat static (d)
and stirred (e) conditions. Wear debris collected
after exposure of 316L at stirred conditions to
the whey protein solution for 48 h (f).

o —20um 500 pm
signs of wear in all solutions compared to observations at static whey protein solution.
conditions. 7. Future studies should investigate the effect of milk proteins at other
4. Released metal ions or wear debris/particles induced aggregation, relevant test conditions (e.g. higher and lower temperature), and
metal-protein complexation and precipitation of whey protein ag- conduct a toxicological health risk assessment of all contact material
gregates from solution. during milk transport and processing.

5. Wear damage on the 316L surface was the slightest when exposed in
PBS, but significantly larger (with micrometer-sized wear debris) in Acknowledgements
the metal-complexing solutions of SMS and whey protein. Exposure

to these solutions resulted in an etching effect of grain boundaries, The authors are grateful to the Swedish Steel Association,
observed for all coupons exposed to stirred conditions. Jernkontoret, Stockholm, Sweden for a travel grant via “Stiftelsen

6. Electrochemical measurements at static conditions showed a similar Skandinaviska Malm och Metalls forsknings och utvecklingsfond” to Dr.
trend as observed for the processes of metal release, surface com- M. Atapour. Dr. G. Herting and M.Sc. X. Wang are highly acknowledged
position and surface appearance, with the highest corrosion re- for their experimental assistance. E. Eriksson, K. Lofvenborg, and A.
sistance observed for 316L exposed in PBS, followed by SMS, and ~ Renberg are gratefully acknowledged for initial experiments during
with the lowest corrosion resistance obtained upon exposure in the their bachelor thesis at KTH.
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Supplementary data to this article can be found online at https://
doi.org/10.1016/j.foodcont.2019.02.031.
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