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Copper (Cu) and stainless steel 316 L are widely used for biomedical applications, such as intrauterine devices and orthopedic/
dental implants. Amino acids are abundantly present in biological environments. We investigated the influence of select amino
acids on the corrosion of Cu under naturally aerated and deaerated conditions using a phosphate-free buffer. Amino acids increased
the corrosion of Cu under both aeration conditions at pH 7.4. Cu release was also significantly (up to 18-fold) increased in the
presence of amino acids, investigated at pH 7.4 and 37 °C for 24 h under naturally aerated conditions. Speciation modelling
predicted a generally increased solubility of Cu in the presence of amino acids at pH 7.4. 316 L, investigated for metal release
under similar conditions for comparison, released about 1,000-fold lower amounts of metals than did Cu and remained passive with
no change in surface oxide composition or thickness. However, amino acids also increased the chromium release (up to 52-fold),
significantly for lysine, and the iron release for cysteine, while nickel and molybdenum release remained unaffected. This was not
predicted by solution speciation modelling. The surface analysis confirmed the adsorption of amino acids on 316 L and, to a lower
extent, Cu coupons.
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Copper (Cu) metal can be used for antimicrobial purposes (as a
coating) and in intrauterine devices (for contraceptive applications)
in the human body.1,2 For these purposes, the toxicity of Cu ions,
which are released from the Cu metal through corrosion processes, is
utilized towards cell membranes of bacteria or spermatozoa.1 These
Cu ions can depolarize the cell membranes of bacteria or generate
reactive oxygen species.1 The latter can also be generated through
the corrosion process,3 which is a contributing factor to why Cu
metal nanoparticles are more toxic than corresponding amounts of
Cu ions.4 However, excessively high concentrations of Cu ions can
cause adverse health effects, such as neurodegenerative diseases.5–8

There are few studies on the effects of amino acids on Cu
corrosion at physiologically relevant pH (at neutral or weakly
alkaline pH), even though the ligand-induced dissolution of Cu
oxide nanoparticles,9 Cu-containing nanoparticles,4 and Cu-con-
taining minerals (weathering)10 have been known for decades.
Most corrosion studies in the presence of amino acids have focused
on their inhibitory effect under strongly acidic conditions,11–16

which are not relevant for many biological environments, including
the human body.

Acceleration of the corrosion and metal release for stainless
steels by organic ligands at neutral pH, but not at acidic pH, has been
shown previously for citrate species,17–19 several other organic
ligands,18,20 amino acids,21 and proteins.22–26

While corrosion and ligand-induced dissolution mechanisms are
related to chemical equilibrium constants and electrochemical
potentials, for which data might be available for predictions, it is
unclear how solution complexation relates to surface complexation.
Solution complexation is, among others, related to coordination
chemistry and the metal ion radius and charge.27 The formation and
detachment of surface complexes depend on (1) adsorption kinetics

and its influencing factors such as ionic strength, agitation, inter-
facial tension, and adsorbate (molecule that binds to a surface)
concentration,28–31 (2) the crystallinity, defect density, and composi-
tion of the surface oxide,28,32 and (3) the presence of other species,
such as other complexing agents, protons, or oxidative/reducing
agents,28,33,34 that could assist in the surface complex detachment
process.

This study aims at (1) investigating whether select amino acids
influence the corrosion and metal release from Cu under physio-
logically relevant (pH 7.4) and phosphate-free conditions, (2)
comparing the trends to stainless steel 316 L under similar
experimental conditions, and (3) comparing the experimental
results with equilibrium chemical speciation modelling in solu-
tion.

Experimental

Materials.—Cylindrical specimens of phosphorus-doped,
oxygen-free Cu, supplied by the Swedish Nuclear Fuel and Waste
Management Company (SKB) of two different batches (denoted Cu-
1 and Cu-2), were used for electrochemical measurements.
According to the chemical composition analysis provided by the
supplier, these specimens contained >99.99% Cu and 2–3 ppm
phosphorus. To ensure the electrical contact between the potentiostat
and the electrode during the measurement, a stainless steel wire was
spot-welded on the back of the Cu electrode. Subsequently, the
electrode was embedded in epoxy resin (EpoFix, Struers) to ensure
that only one face of the Cu electrode, with a known surface area,
was exposed to the electrolyte during the electrochemical measure-
ments.

A 99.9% (based on supplier information) Cu sheet (denoted Cu-
3) with 0.5 mm thickness was purchased from Home Depot in
London, Canada. The sheet was cut into approximately 15 × 15 mm
coupons for the metal release measurements. For comparative
reasons, the Cu-2 electrodes were also measured for metal release.

Stainless steel of grade S31603 (Unified Numbering System,
ASTM grade 316 L), and a thickness of 2.5 mm, was cut intozE-mail: yhedberg@uwo.ca
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coupons of approximately 15 × 15 mm. Thyssen Krupp, Germany,
manufactured the 316 L sheet. The nominal composition was 16.9 wt
% chromium (Cr), 1.3 wt% manganese (Mn), 10.1 wt% nickel (Ni),
0.5 wt% copper (Cu), 2.0 wt% molybdenum (Mo), 0.05 wt% ni-
trogen (N), 0.02 wt% carbon (C), and 0.0006 wt% sulfur (S), based
on a chemical analysis provided by Aperam, France. The latter two
elements are intentionally low in this grade to increase corrosion
resistance. The stainless steel was used to investigate metal release
and surface compositions before and after 24 h exposure to various
amino acid solutions.

Chemicals, solvents, and solutions.—Chemicals were obtained
in Canada from Fisher Scientific Chemical, Fisher Scientific
bioreagents, Acros Organics, Sigma Aldrich, or Millipore
Sigma. The electrolytes or exposure solutions for the various
investigations were composed of 9 g l−1 (0.154 M) NaCl (p.a.
grade), 5 mM 2-(N-morpholino)ethanesulfonic acid (MES) (low
moisture content, ⩾99% by titration) as a buffer, and adjusted to
pH 7.3–7.4 with 8 M NaOH, 5 wt% HCl, or 2–10 wt% HNO3.
Ultrapure water (resistivity of 18.2 MΩcm, MilliporeSigma) was
the solvent for all solutions. The pH adjustment was conducted
for the final solution, containing all components. 9 g l−1 NaCl was
chosen due to its physiological relevance (0.9 wt% saline). The
MES buffer was chosen because it has been reported to have
minimal binding to Cu among all possible buffers.35 In addition,
either 0, 1, or 10 mM of amino acids were added: L-aspartic acid
(98.5%), L-tyrosine (99%), L-cysteine (>98%), L-histidine
(98.5%), L-arginine (>98%), L-lysine (>98%), L-threonine
(>98%), glycine (⩾99%), L(+)-glutamic acid (99%), L-trypto-
phan (99%), and L-serine (99%). Four solutions containing two
different amino acids were also prepared at an equimolar
concentration (0.5 mM) of each amino acid component. Amino
acids were pre-selected based on chemical equilibrium modelling
using the Joint Expert Speciation System (JESS);36,37 see below.
The concentration of 1 mM total amino acid was chosen based on
relevant blood plasma concentrations.38 The amino acids ex-
pected to be involved in Cu complexes, based on these JESS
models, were chosen for use with the Cu specimens, and those
involved in Fe, Cr, and Ni complexes for the stainless steel
specimens. Solutions without amino acids are denoted reference
solutions. Solutions were freshly prepared or stored at 4 °C for up
to 72 h and adjusted to room temperature prior to any experiment.
After storage, the pH was re-adjusted, if necessary.

Cleaning procedure for glassware and contact materials.—
Each glassware, plastic container, vial, or tube was acid washed and
dried before use. The acid washing procedure consisted of fully
submerging the container in 10 wt% HNO3 for a minimum of 24 h,
then rinsing it four times with ultrapure water, followed by air
drying.

Any equipment in contact with amino acids was washed with
detergent (ultra-Palmolive antibacterial hand soap) immediately
after use, rinsed four times with de-ionized water, and left to dry
in a fume hood before the acid cleaning. Reference electrodes in
contact with amino acids were cleaned by immersion in 16 mM
sodium dodecyl sulfate (Sigma Aldrich, Canada) at 40 °C for 1 h and
then rinsed with ultrapure water.

Surface preparation.—Electrochemical investigations under
naturally aerated (non-deaerated) conditions.—The Cu electrodes
(Cu-1 and Cu-2) were ground successively with P300, P600, and
P1200 grit SiC paper using de-ionized water as a lubricant. The
electrodes were then cleaned ultrasonically in acetone and ethanol
for 5 min each and dried in a flow of nitrogen gas at room
temperature. The prepared electrodes were placed in an air-con-
taining desiccator (<10% relative humidity) for 24 ± 1 h at room
temperature to ensure a controlled oxide growth under controlled
humidity conditions. The six different electrodes had a surface area

of 0.75–0.80 cm2 (diameter of approximately 1 cm). After the oxide
growth period, the Cu electrode was immersed in the naturally
aerated electrolyte.

Electrochemical investigations under deaerated conditions.—
The Cu electrodes were ground, cleaned, and dried as above. They
were then directly immersed in a solution containing 9 g l−1 NaCl
and 5 mM MES buffer at pH 7.4, deaerated by sparging with
ultrahigh purity argon. Upon immersion of the Cu electrode, any
previously formed surface oxide was partially reduced by applying
−0.8 V vs reference electrode (see below) for 30 min. The Cu
electrode was then lifted out of, and above, the electrolyte while
keeping it under an argon atmosphere. Then, an amino acid solution
(50 ml of freshly prepared stock solution in ultrapure water) was
added to 450 ml of the non-replenished electrolyte. The late amino
acid addition ensured that the amino acid was not affected by the
electrochemical reduction procedure of Cu. Then, the electrode was
immersed back into the electrolyte and sparged with argon. The
argon flow rate decreased after 15 min of sparging and continued
during the remaining electrochemical measurement.

Metal release from Cu.—For comparative reasons, the Cu
coupons (Cu-3) and the Cu electrode (Cu-2) were ground, cleaned,
dried, and stored in a desiccator as described for the naturally aerated
conditions above. The surface area of each coupon or electrode was
measured individually.

Metal release and surface analysis of stainless steel coupons.—
The stainless steel coupons were polished with P1200 grit SiC paper
using water as a lubricant, cleaned by sonicating for 5 min in acetone
followed by 5 min in ethanol, dried with nitrogen gas at room
temperature, and stored in a desiccator (24 ± 1 h) at <10% relative
humidity and room temperature. The edges of the stainless steel
coupons were sealed with a clear lacquer (acrylate nail polish) before
storage in the desiccator to avoid any preferential corrosion at the
edges of a material that might be susceptible to localized corrosion.

Electrochemical measurements.—For the electrochemical mea-
surements, the Cu electrode served as the working electrode and a
platinum wire as the counter electrode. For the reference electrode,
either Ag/AgCl, KCl (3 M) or Ag/AgCl, KCl (sat.) was used. They
were both checked against a master reference electrode (saturated
calomel reference electrode) before each experiment. Unless other-
wise specified, all potentials are presented vs Ag/AgCl KCl (sat.).

The open circuit potential was recorded for 1 h prior to the
potentiodynamic polarization. Forward (positive-going) and reverse
(negative-going) scans at 1 mV s−1 were performed, starting at
−0.2 V vs the previously measured open circuit potential and ending
at either 1.2 V vs reference electrode (Ag/AgCl, KCl (3 M or
saturated)) or when the current was greater than 0.5 mA. The
forward scan was followed by the reverse scan ending either at the
previously measured open circuit potential or when the current
became cathodic. To extract the corrosion current density (icorr) and
corrosion potential (Ecorr) from the potentiodynamic polarization
curves, Tafel analyses were performed using VersaStudio (version
2.61.3, Princeton Applied Research). All conditions were tested in at
least two replicate measurements.

Metal release test procedure and analysis.—Procedure.—
Triplicates of specimens (Cu-3 and 316 L) and one blank (back-
ground control of a solution without Cu or stainless steel coupons)
were tested in each solution. Triplicates of Cu-2 electrodes and a
blank solution were tested in the reference solution (no amino acids)
for comparison. A 1 cm2/ml surface area to solution volume ratio
was maintained in all cases. The chosen containers/vials ensured that
both coupon faces were exposed to the solution. The pH of the
solution was measured prior to the metal release test procedure in the
prepared solution and afterwards individually in each vial. After the
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solution was added to the vials containing the coupons, or no coupon
in the case of the blank samples, they were placed in an Incubating
Rocking Platform Shaker, which had been set to a temperature of 37
± 0.5 °C. They were incubated for 24 h with bilinear agitation (10°
tilt with 22 ± 1 cycles/min). After 24 h, the specimens were removed
from the solutions with acid-cleaned (1 wt% HNO3) tweezers. The
surfaces were rinsed with 1 ml of ultrapure water (for Cu) or 1 ml of
extra blank reference (no amino acid) solution (for stainless steel
coupons), which was added to the metal release solution. This
procedure ensured the solution sampling of any loosely surface-
adhered species and cleaned the surface for future surface analysis.
After the rinsing step, the coupons were dried with a flow of nitrogen
gas at room temperature, placed separately in a closed plastic
container, and stored in a vacuum desiccator before any surface
analysis. After exposure to stainless steel coupons, the solution
samples were acid-digested by adding microvolumes of ultrapure
65 wt% HNO3 until the pH was less than 2. They were then stored at
4 °C until the solution analysis was performed. Spiked samples
containing known amounts of Fe, Cr, Ni, and Mo were also prepared
for each blank amino acid solution to detect any matrix effects
(deviations from nominal concentration due to effects, such as
interferences or change in plasma temperature, of the solution
composition).

The solution samples, after exposure to Cu specimens, were
digested using a Milestone ETHOD microwave digestor (170 °C,
10 min ramp, 10 min hold), at the Biotron facility (Western
University), for a dilution factor of 3.33 (3 ml sample in 10 ml total
volume) and an acid:sample factor of 5:45, where the acid was pure
(trace metal basis) HNO3 (>68 wt%). The digestion was modified
from EPA 3015 (METHOD 3015 A). Spiked samples (with known
amounts of Cu) were also prepared in parallel for quality control.
The digested solution samples were stored at room temperature
before solution analysis.

Analysis.—A Thermo Scientific iCAP Q inductively coupled
plasma mass spectrometer with helium collision gas for Fe, Cr, Mo,
and Ni, and no reaction gas for Cu, was calibrated with the six
prepared standards (0, 5, 10, 20, 50, 100 μg l−1) of Fe, Cr, Mo, and
Ni (multi-standard) to create four linear calibration curves (Fe R2 =
0.9995, Cr R2 = 0.9999, Mo R2 = 0.9999, Ni R2 = 0.9997) or with
five prepared standards (0, 30, 100, 500, and 1,000 μg l−1) for Cu
(R2 = 0.9938–0.9989). The detection limits, defined as instrument
detection limit plus background equivalent concentration, for Fe, Cr,
Mo, Ni, and Cu were as follows: 2.5, 0.23, 0.02, 0.17, and 0.5 μg
l−1, respectively. The uncertainty (relative percentage deviation
from expected value) for a 50 μg l−1 Fe/Cr/Mo/Ni quality control
standard was 0.13% for Fe, 1.58% for Cr, 2.18% for Mo, and 0.56%
for Ni. The uncertainty for 10 and 50 μg l−1 quality control
standards was 11% and <8%, respectively.

Calculations.—An analytical balance with 0.1 mg readability was
used to measure the exact masses of stock solutions and final
standards or quality control samples. Due to the influence of
chlorides on the plasma temperature, the chloride concentration
was kept constant in all standards and samples. The final concentra-
tion of each standard or quality control sample was calculated
according to Eq. 1.

= × [ ]c
m

m
c 1Stock

final
Stock

where mStock denotes the mass of the added stock solution (certified
standards), mfinal denotes the final mass of the sample, and cStock
represents the concentration of the stock solution.

The dilution factor (DF) is the final volume divided by the initial
sample volume. All dilution factors (from rinsing, digestion, and any
additional dilutions) are multiplied to determine the initial sample
concentration. The amount of metal released per unit coupon surface
area (μg/cm2) is calculated by Eq. 2.

[ ]

=
( × × × − × × × ) ×

2

Released amount
c DF DF DF c DF DF DF V

A
sample 1 2 3 blank 1 2 3 exposure

where csample in μg/l denotes the concentration that was measured for
a particular solution sample (in previous contact with a metal
coupon), cblank in μg/l is the corresponding measured concentration
of the blank sample (without any contact with a metal coupon, but
otherwise identical exposure conditions), DF1…3 (unitless) denote
the individual dilution factors (1 if no dilution occurred), Vexposure

(in L) represents the volume during the exposure (for example 5 ml
for a 5 cm2 coupon), and A (in cm2) denotes the non-sealed surface
area of the Cu or stainless steel coupon.

Average values and standard deviations of triplicate samples are
shown in the following.

Surface analysis.—The X-ray photoelectron spectroscopy (XPS)
analyses with an information depth of 7–10 nm and detection limits
of 0.1–0.5 at% were carried out on two different locations of
unexposed (for reference) and exposed stainless steel coupons or
one location of Cu coupons (Cu-3). XPS was run with a Kratos
AXIS Supra X-ray photoelectron spectrometer using a monochro-
matic Al Kα source (15 mA, 15 kV). The instrument work function
was calibrated to give a binding energy (BE) of 83.96 eV for the Au
4f7/2 line for metallic gold. The spectrometer dispersion was
adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic
copper. The Kratos charge neutralizer system was used on all
specimens. All samples were mounted electrically isolated from
the instrument sample holder for these analyses. Survey scan
analyses were carried out with an analysis area of 300 × 700 μm
and a pass energy of 160 eV. High-resolution analyses were carried
out with an analysis area of 300 × 700 μm and a pass energy of
20 eV. For Cu coupons, the Cu 2p and Cu LMM signals were
collected first before proceeding with other spectra to minimize any
possible reduction of CuII species, which can occur during prolonged
X-ray exposure.39 Spectra have been charge-corrected to the main
line of the C 1 s spectrum (adventitious carbon) set to 284.8 eV.
Spectra were analyzed using CasaXPS software (version 2.3.14).
The spectra were fitted using the fitting parameters specified
previously.39,40

Chemical speciation equilibrium modelling.—The Joint Expert
Speciation System (JESS, version 8.8 v)36,37 was used to determine
the equilibrium chemical speciation in the various solutions for
1 mM of total Cu, Fe, Cr, and Ni. The solution oxidation-reduction
potential input values were pe 3.4 (Eh = 200 mVSHE, only for Cu)
and pe 5 (Eh = 300 mVSHE) for deaerated and naturally aerated
conditions, respectively. The definition of pe is the negative
logarithm of the electron activity, pe = −log [e−], or Eh = 2.3
RT pe/F, where Eh denotes the solution oxidation-reduction potential
in V, with reference to the standard hydrogen electrode, R the gas
constant (8.3145 CV/(mol K)), T the temperature in K, and F the
Faraday’s constant (96,485.3321 C mol−1). Other input values were
1 mM of the respective amino acid, 9 g l−1 NaCl, pH values of 5, 6.5
and 7.4, a temperature of 25 °C, and a pressure of 1 atm. The lower
pH values simulate oxidative conditions present under anodic
polarization,41 and the temperature was chosen to benefit from the
best availability of literature data. Solids were allowed to form and
precipitate. In one case, the calculations were performed for 1 mM
Cu at 25 °C in all 19 natural amino acids (1 mM each), 9 g l−1 NaCl,
pe 5, pH 7.4, and 1 atm pressure. The equation-solving algorithm
was damped Newton-Raphson with maximal iterations of 200 and a
maximum delta[log(unknown)] of 2.0. The convergence criterion
was either that the sum of absolute equation values was <0.04 or
that each delta[log(unknown)] was <0.0001. Only successfully
solved equations were considered in the following. In very few
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cases, one species caused a numerical error and was, in that case,
excluded, as indicated in the corresponding results. JESS uses an
extensive database of reactions with verified dissociation constants
and standard potentials from peer-reviewed data. In all cases, the
database included reactions between the element of interest (Cu, Fe,
Cr, Ni) and the reactant of interest (chlorides and at least one amino
acid). The number of reactions processed ranged from 62 (reference
solution for Fe) to 574 (Cu with all 19 amino acids). Details
concerning the reactions for each element and solution are given in
the supplementary data (online only).

Statistics.—Any statistically significant difference was deter-
mined between two sets of data using a student’s t-test with unequal
variance and for unpaired data because of different coupons/
electrodes, using the KaleidaGraph (Synergy, v. 4.0) software. If
the probability of the data being equal was less than 0.05 (p < 0.05),
the difference was considered statistically significant.

Results and Discussion

Corrosion of copper in the presence of amino acids under
naturally aerated conditions.—Figure 1 gives an overview of
potentiodynamic polarization curves of Cu electrodes in 9 g l−1

NaCl, buffered by 5 mM MES buffer to pH 7.4, without amino acids
(reference) or with 1 mM of different amino acids. For both
replicates (Figs. 1a and b), the reference solution shows the highest
corrosion potential and lowest corrosion current, further illustrated
in Fig. S1 (supplementary data). Under naturally aerated conditions,
all reverse (negative-going) scans exhibited lower currents than the
forward (positive-going) scans (Fig. 1). However, considerable
variability was found for the case of threonine and for different
Cu materials, further discussed below. Because of the low number of
replicate measurements and the observed variability, the electro-
chemical data are not further discussed for individual amino acid
solutions. It is, however, clear that amino acids, especially some of
them, were able to increase the corrosion current density (up to 10-
fold: 4,300 compared with 455 nA cm−2) and to decrease the
corrosion potential compared to that in the reference solution at pH
7.4 under aerated conditions. The corrosion potential can shift in the

negative direction for two reasons: increased anodic reaction rate or
decreased cathodic reaction rate. Both options are possible here: The
slope of the cathodic branch in the presence of amino acids is equal
to or smaller than it is in their absence (Fig. 1). The adsorption of
amino acids has been shown to decrease the cathodic reaction
rate13,42 and the corrosion current density13,42,43 in studies at lower
pH, well below the lowest pKa values of the amino acids. In those
studies, the amino acids would be fully protonated and not expected
to form metal complexes (further discussed below). Therefore, they
would not affect the anodic half-cell reaction rate.13,42,43 In one
study in 1 M HNO3, it was found that cysteine, lysine, and arginine
inhibit the corrosion of Cu, but glycine and valine accelerate it
slightly.44 In our study at pH 7.4, the higher corrosion current
density in the presence of the amino acids and the higher release of
Cu into the solution (see below) suggest that all amino acids tested
increase the anodic reaction rate.

Corrosion of copper in the presence of amino acids under
deaerated conditions.—The human body and many other environ-
ments can have varying concentrations of oxygen and other
oxidative or reducing species. To investigate whether dissolved
oxygen influences any amino acid-induced acceleration of Cu
corrosion, electrochemical measurements were also conducted under
deaerated conditions on Cu electrodes that were partially reduced
electrochemically before adding amino acids. Oxygen-free environ-
ments are relevant in certain parts of the human body and closed
environments after oxygen has been consumed.

Figure 2 depicts a comparison of the behavior of Cu in 9 g l−1

NaCl at pH 7.4 under naturally aerated and deaerated conditions
in the absence of amino acids (a), and the presence of 1 mM
serine (b), 1 mM threonine (c), and 1 mM tyrosine (d). These
three amino acids were selected based on their strong corrosion-
accelerating properties under naturally aerated conditions. In all
solutions, the corrosion potential was lower under deaerated
conditions than naturally aerated conditions. However, the
difference was small in the presence of tyrosine. The slope of
the anodic branch was steeper (higher rate) under naturally
aerated conditions than under deaerated conditions in all cases,
Fig. 2, which is related to the presence of the dominant oxidant,

Figure 1. Potentiodynamic polarization curves for two replicates of Cu specimens (Cu-1) exposed to various naturally aerated amino acid solutions. All Cu
specimens were polished and desiccated for 24 h before immersion in the solutions of 9 g l−1 NaCl, 5 mM MES buffer, and 1 mM of various amino acids at pH
7.40 and 25 °C. (a) replicate 1, and (b) replicate 2. The corresponding corrosion potential and corrosion current density are shown in Fig. S1, supplementary data.
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oxygen, under naturally aerated conditions. In contrast to scans
recorded under naturally aerated conditions (Fig. 1), the back-
wards scan in the presence of serine (Fig. 2b) and tyrosine
(Fig. 2d) under deaerated conditions displayed slight positive
hysteresis. The corrosion current density was 2.7-fold higher
under deaerated conditions than under naturally aerated condi-
tions for the reference solution (no amino acids). This is likely
related to the freshly polished and reduced surface, compared
with a surface that had been allowed to form a surface oxide for
one day. Likewise, the corrosion current density was higher
under deaerated conditions than under naturally aerated condi-
tions (about 3-fold) in the presence of serine and threonine, but
not tyrosine. The corrosion current density was up to 11-fold
higher in the presence than in the absence of amino acids under
deaerated conditions (14 μA cm−2 compared with 1.2 μA cm−2).
However, there was considerable variability among the replicate
measurements under deaerated conditions, as further discussed
below.

Variability and uncertainties in electrochemical measure-
ments.—Figure A·1 (Appendix) shows the variability among repli-
cate measurements made in aerated and deaerated solutions con-
taining threonine. One of the replicate measurements for the Cu-1
electrode in 1 mM threonine under aerated conditions showed a very
different electrochemical behavior than all other measurements in
this study, indicating localized corrosion (positive hysteresis during
the backwards scan), Fig. A·1. Therefore, further replicate measure-
ments were conducted with a different batch (Cu-2) since the Cu-1
electrodes were not available anymore. These two measurements
showed similar or lower corrosion current density and behavior (no
localized corrosion behavior) to that displayed during the first two
replicate measurements with Cu-1. We also tested threonine at a
higher concentration (10 mM) under naturally aerated conditions,
Fig. A·1, which did not indicate any localized corrosion behavior.
Under deaerated conditions, however, the two batches of Cu
electrodes (Cu-1 and Cu-2) differed considerably, Fig. A·1, with
significantly lower corrosion current density for Cu-2 than for Cu-1.

Figure 2. Comparison of potentiodynamic polarization curves in deaerated and naturally aerated solutions (Cu-1). Potentiodynamic polarization under deaerated
(dashed lines in a–d) or aerated (solid lines in a–d) conditions in 9 g l−1 NaCl, 5 mM MES buffer, at pH 7.40 and 25 °C (a), or with the addition of 1 mM of
serine (b), threonine (c), or tyrosine (d). For deaerated conditions, the Cu specimens were freshly polished and electrochemically reduced, and the electrolyte was
deaerated. For naturally aerated conditions, the Cu specimens were polished, stored in a desiccator for 24 h, and then immersed in a non-purged electrolyte.
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A similar trend was found in deaerated 1 mM serine solution, Fig. S2
(supplementary data).

Considering these variabilities and uncertainties, the electroche-
mical data will only be discussed qualitatively in the following.

Solution speciation modelling of Cu.—Equilibrium chemical
speciation data are not necessarily comparable to a kinetic process,
as investigated by the electrochemical and metal release studies.
Kinetics are influenced by many factors, including the time-limiting
detachment process of surface complexes,33 oxide thickness and
properties, and mass transport of oxidants and ions from/to the
surface.45

Figure 3 shows a simplified overview of results from equilibrium
speciation modelling for the reference solution (9 g l−1 NaCl)
without and with 1 mM of serine, threonine, and tyrosine, as well as
19 amino acids (1 mM each), for a total Cu concentration of 1 mM.
The different aeration conditions were simulated with input values of
a pe of 5 (naturally aerated) and a pe of 3.4 (deaerated). In the
reference solution at pH 7.4 (Fig. 3a), Cu was predicted to be
entirely or primarily solid (CuO at pe 5 and Cu2O at pe 3.4). When
the pH decreased to pH 6.5 and 5, as expected for the surface pH of
the electrode during anodic polarization,41 the relative concentration
of aqueous Cu-chloride species increased. There were no solid
species predicted at pH 5. The fraction of aqueous species increased
strongly compared with that of the reference solution in the presence
of 1 mM serine (Fig. 3b). The dominant solid species at pH 7.4 was
predicted to change from CuO (54% of total Cu) to Cu2O (59% of
total Cu) when pe was changed from 5 to 3.4. The remaining

aqueous species at pH 7.4 were entirely CuII-serine complexes at pe
5, and CuII-serine complexes and CuCl2¯ at pe 3.4. When the pH
decreased, the fraction of aqueous Cu-serine complexes decreased
(50% at pH 6.5 and pe 5, 21% at pH 6.5 and pe 3.4, 24% at pH 5 and
pe 5, and 1% at pH 5 and pe 3.4) and the fraction of aqueous Cu-
chloride species increased (Fig. 3b). At pH 6.5, 46 and 60% of the
total Cu were predicted to be solid at pe 5 and 3.4, respectively. At
pH 5, there were no solid Cu species among the five predominant
species. Figure 3c shows the five predominant species for the
solution containing threonine. At pH 7.4, the prevalence of aqueous
threonine species decreased slightly with deaeration (from 70% of
total Cu to 58% of total Cu). At lower pH, chloride complexes took
over. At pH 5, no solid species were predicted. A similar trend was
predicted for tyrosine, Fig. 3d, with 46 and 42% aqueous tyrosine
species predicted at pH 7.4 under naturally aerated and deaerated
conditions, respectively. When all 19 amino acids were present, no
solid species or Cu-chloride species were predicted at any pH or
aeration condition, Fig. 3e. A larger fraction of CuI complexes
formed with amino acids under deaerated than aerated conditions. A
wide variety of mainly multidentate (involving various amino acids)
complexes was predicted to form in the solution with 19 amino
acids.

These speciation model results confirm the experimental obser-
vation that amino acids can increase the solubility of Cu ions under
both naturally aerated and deaerated conditions.

Copper release and chemical speciation modelling under
naturally aerated conditions.—The released amount of Cu was

Figure 3. Predominant Cu species in different solutions, modelled by JESS. 9 g l−1 NaCl, 25 °C, and 1 atm pressure, with no additional amino acids (a), 1 mM
serine (b), 1 mM threonine (c), 1 mM tyrosine (d), and 1 mM, each, of arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamine, glycine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and valine (e). The pe was varied from pe 5 (Eh = 300
mVSHE) to pe 3.4 (Eh = 200 mVSHE), and the pH was 7.4, 6.5, and 5. Values are given in % (of 1 mM total Cu), and the valence state is indicated for all aqueous
species. Further details are provided in tables S1-S5 (supplementary data). Abbreviations: s—solid; aq—aqueous; AA—amino acid.
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determined in solution after one day of immersion of Cu coupons
(Cu-3) in the various solutions at 37 °C (body temperature) under
naturally aerated conditions (Fig. 4). The Cu release was higher
(statistically significant) in all 10 different amino acid solutions than
in the reference solution without any amino acid. The greatest
absolute differences, 18, 11, and 10-fold, were observed for cysteine,
lysine, and tyrosine, respectively, and the greatest statistical sig-
nificance of the difference was seen for histidine. The lowest
differences were found for serine (1.4-fold increase) and threonine
(2-fold).

For comparison, the Cu electrode material Cu-2 was also
measured in the reference solution (no amino acids) and showed a
slightly lower (not statistically significant) release (7.3 μg cm−2

compared with 13 μg cm−2), Table A·I.
Table A·II shows the fraction of predicted aqueous species based

on equilibrium modelling at pH 7.4 and pe 5. It supports the higher
solubility of Cu in amino acid solutions than in the reference
solution. However, it predicted histidine and cysteine to result in the
largest solubility, which only partially correlated with the experi-
mental data (cysteine resulted in the highest release). A direct
comparison might be difficult, as the equilibrium data does not
consider kinetics and assumes the pH to be constant at pH 7.4.

Figure A·2 shows the actual pH data during 24 h of exposure. All
amino acids induced some pH change during the 24 h exposure.
Serine, glycine, cysteine, arginine, and tyrosine decreased the pH to
values between pH 6 and 7, which according to the chemical
speciation modelling (Fig. 3) results in an increased predicted
solubility. The corrosion reaction of Cu increased in some cases
the pH, resulting in higher final pH values than in the corresponding
blank solution without a Cu coupon. This indicates the generation of
hydroxyl anions during the cathodic reaction (Eq. 3).

+ + → [ ]− −O 2H O 4e 4OH 32 2

Amino acids can affect Cu corrosion and Cu release in several
ways. First, they can shift the equilibrium of the anodic reaction (Cu
oxidation to Cu2+) towards dissolution by complexing released Cu
ions. Second, amino acids can form surface complexes and cause
ligand-induced dissolution. This is believed to be the dominant
mechanism at neutral pH for Cu oxides. 9,10,46 Third, by assisting the
dissolution of the surface oxide, the amino acids can indirectly
influence Cu metal oxidation driven by the cathodic reaction
(dependent on available oxygen). Fourth, they can change the local
surface pH through adsorption by attracting counter-ions such as

Figure 4. Amounts of Cu released from Cu coupons (Cu-3) in various solutions. Determined aqueous (released) Cu after 24 h exposure of Cu coupons at 37 ±
0.5 °C in naturally aerated 9 g l−1 NaCl, 5 mM MES buffer, pH 7.4, containing no amino acid (Ref), or 1 mM tyrosine (Tyr), arginine (Arg), tryptophan (Trp),
cysteine (Cys), histidine (His), glutamic acid (Glu), lysine (Lys), serine (Ser), threonine (Thr), or glycine (Gly). The error bars show the standard deviation of
triplicate samples, except for Arg, which only had duplicate samples. The dashed line indicates the value for the Ref solution. Any statistically significant
differences compared with the Ref solution are shown by asterisks (* - p < 0.05; ** - p < 0.01, *** - p < 0.001). The corresponding values are shown in
Table A·I.

Table I. Average and standard deviation of the ratio between the
sum of the C2, C3, and C4 peak areas to the total C 1s peak area for
stainless steel 316 L and Cu coupons exposed to 9 g l−1 NaCl and
5 mM MES buffer at pH 7.4 and 37 °C for 24 h with and without
1 mM of respective amino acids (as indicated). A reference coupon
before exposure is also measured. Duplicate measurements were
conducted for 316 L and a single measurement for Cu. Asterisks
indicate statistically significant differences to the reference solution
(* - p < 0.05, ** = p < 0.01).

316 L Cu
Solution/Sample (C2+C3+C4)/Ctotal

Unexposed coupon 0.19 ± 0.07 Not analyzed
Reference solution 0.22 ± 0.01 0.19
Lysine 0.35 ± 0.05 Not analyzed
Cysteine 0.35 ± 0.01** Not analyzed
Arginine 0.37 ± 0.01** Not analyzed
Tyrosine 0.37 ± 0.06 0.24
Histidine 0.31 ± 0.01* Not analyzed
Threonine 0.38 ± 0.11 0.26
Serine Not analyzed 0.32
Aspartic acid 0.35 ± 0.03 Not analyzed
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protons. The surface pH can then influence the corrosion process,
facilitate complexation with chloride ions (see Fig. 3), or result in
protonation-induced dissolution10 of Cu oxides.

The kinetics of adsorption are also essential to understand the
experimental data (as opposed to solution equilibrium modelling).
Adsorption is discussed below.

Release of Fe, Cr, Ni, and Mo from stainless steel under
naturally aerated conditions.—Ligand-induced metal release from
stainless steel at neutral pH has been reported for a wide variety of
organic molecules and proteins previously,17,19,20,24–26,47 however,
under different experimental conditions than in this study for Cu.
Hence, we compared the release of the main alloying elements from
stainless steel under similar conditions as for Cu above. Figure 5
shows the determined released amount of Fe, Cr, Ni, and Mo from
the 316 L coupons after 24 h exposure in the various solutions at pH
7.4 and 37 °C. Generally, the amount of released metals (total) was
about 1,000-fold lower than for the Cu coupons under similar
exposure conditions. The low amount of released metals and the
proportion between the released metals (preferential release of Fe,
non-preferential release of Cr and Ni) strongly indicate passive
conditions (no active corrosion).47 The amino acids affected the
release of Cr most, with an increase up to 50-fold (histidine), but
only lysine resulted in a statistically significant increase (20-fold). In

contrast, the Fe release was only increased up to 5-fold (lysine) and
only statistically significant for cysteine (2-fold). The release of Ni
and Mo was not statistically significantly affected and increased at
most 3-fold (Ni release for histidine).

Despite known reactions between all these amino acids and Fe and
Cr species in the database, JESS predicted no difference in solubility
for Fe and Cr at pH 7.4, pe 5, 25 °C for these different solutions. It
predicted that the predominant species would be α-Fe2O3 (s) in all
cases for Fe and CrOOH (s) in all cases for Cr. In contrast, it predicted
a clear solution dependence for Ni (Table A·III), with the highest
solubility for histidine, aspartic acid, tyrosine, and cysteine and the
lowest solubility for the reference solution without amino acids.
However, as Ni was unavailable on the surface (see next section), it
could not react with the amino acids.

Surface analysis of stainless steel and copper surfaces after
one-day exposure to various solutions with and without amino
acids.—To verify amino acid adsorption on the metal coupons, XPS
analysis was conducted on both stainless steel and Cu coupons for
selected amino acids and the reference solution after the one-day
exposure (Figs. 4 and 5), with relevant high-resolution peaks shown
in Figs. A·3–A·12. The C 1s peak originates from both adventitious
carbon and any adsorbed amino acids and consisted of peaks
at 284.8 eV attributed to the C–C and C–H bonds,48–50 a peak at

Figure 5. Amounts of metals released from stainless steel coupons in various solutions. Determined aqueous (released) Fe (a), Cr (b), Ni (c), and Mo (d) after
24 h under naturally aerated exposure of stainless steel 316 L coupons at 37 ± 0.5 °C in 9 g l−1 NaCl, 5 mM MES buffer, pH 7.4, containing no amino acid (Ref),
or 1 mM lysine (Lys), cysteine (Cys), arginine (Arg), tyrosine (Tyr), histidine (His), threonine (Thr), or aspartic acid (Asp). The error bars show the standard
deviation of triplicate samples. The dashed line indicates the value for the Ref solution. Asterisks show any statistically significant differences to the Ref solution
(* - p < 0.05; *** - p < 0.001).
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286.3 ± 0.06 eV (denoted C2) assigned to peptidic residues, C–O,
and C–N bonds,48–50 a peak at 287.8 ± 0.06 eV (denoted C3)
assigned to N–C=O and C=O bonds,48,50 and a peak at 288.8 ±
0.11 eV (denoted C4) assigned to O–C=O bonds.48,50 Table I displays
the ratio of the sum of the latter three peaks (C2+C3+C4) to the total
C 1s peak. All coupons exposed to amino acids show a higher ratio
than those exposed to the reference solution and an unexposed coupon.
For cysteine, histidine, and arginine, the difference is statistically
significant for stainless steel coupons. Sulfur was identified in the wide
spectrum (Fig. S4) only in the case of cysteine (the only investigated
amino acid containing a thiol group) but not in any other case, which
is also indicative of its adsorption.

Similar to previous studies of 316 L in non-aggressive environments
(under passive conditions),51 metal peaks for Ni, Cr, Fe, and Mo were
detectable in all cases. This means that the surface oxide and adsorbed
layer did not exceed the information depth of XPS (7–10 nm). The ratio
between the metal and oxide peaks remained relatively stable for all
conditions. Similar to previous work on 316 L and similar grades,51,52

Ni was only detected in its metallic form,40 which means it was not a
component of the surface oxide of stainless steel. Throughout all
conditions, and with no significant difference before and after exposure
to the different solutions, the surface oxide was composed of oxidized
Fe (63 ± 5.7 at%), Cr (35 ± 5.9 at%), and Mo (1.9 ± 0.45 at%).

Hence, for 316 L coupons, there was no significant change in the
surface oxide composition and clear signs of amino acid adsorption.
In contrast, Cu coupons showed only slight signs of amino acid
adsorption (Table I and Figs. A·6 and A·11). A lower degree of
amino acid adsorption on a more reactive metal is in line with earlier
observations on protein adsorption on Cu and 316 L measured by
quartz crystal microbalance.53 While there seemed to be less
adsorption of the amino acids, the oxide changes for Cu coupons
were far more significant. Metallic Cu was detected after 24 h
exposure (naturally aerated, 37 °C, 9 g l−1, 5 mM MES, pH 7.4) to
the reference solution without amino acids, indicative of an oxide
thinner than the XPS detection depth (7–10 nm). No metallic Cu was
detected for Cu coupons exposed to 1 mM tyrosine, threonine, or
serine, Figs. A·3, A·4. For the Cu specimens exposed to threonine,
there was a higher fraction of divalent Cu species, as evident from
the larger shake-up peak (peak B) in the Cu 2p3/2 peak

39 (Fig. A·3)
and the Cu L3M4,5M4,5 peak-fitting results (Fig. A·4). From the O 1s
peaks (Fig. A·6) and Cu L3M4,5M4,5 (Fig. A·4) peaks, it was evident
that most of the divalent Cu was in the form of Cu(OH)2 after
exposure to the threonine-containing solution.

Hence, XPS results suggest that threonine, serine, and tyrosine
under the experimental conditions cause some oxidation for the Cu
coupons, in contrast to the reference solution and 316 L.

Overall discussion, limitations and further research.—
Adsorption of amino acids on surfaces is influenced by the surface
charge and hydrophobicity, the ionic strength of the solution
(affecting the double layer thickness), the amino acid concentration,
solution pH and temperature.54–56 The ionic strength of the
investigated solution in this study was high, which reduces the
importance of electrostatic interactions.54,57 This might explain why
three positively charged amino acids (lysine, histidine, and arginine)
were able to induce among the highest Cu release despite the surface
charge of Cu is to be expected slightly positive at pH 7.4.58

However, a recent review concluded that published values of
isoelectric points for Cu, copper oxides and hydroxides are too
scattered to draw any conclusions on their reliability.59 Future
studies should investigate whether any electrostatic interactions
play a role in the observed amino acid-induced Cu release and
corrosion. For stainless steel, which is negatively charged at pH
7.4,23,53,57,60–62 the relatively high observed release for the positively
charged lysine and histidine makes sense. However, the positively
charged arginine did not induce any increased release.

Cysteine is a particular case, as it is the only investigated amino acid
with a thiol functional group in this study. Cysteine increased the Cu

release from Cu and the Fe release from 316 L in this study. Cu (both as
ions and as a metal surface) interactions with cysteine are known from
the literature63–67 and strongly predicted by the chemical speciation
modelling in this study (relative solubility of 100% at pH 7.4). For
stainless steel, iron, and chromium, strong cysteine interactions were
not predicted by the chemical speciation modelling at pH 7.4, and
literature data is more scarce; however, strong Fe(II)-cysteine interac-
tions have been shown for the gas phase.68

This study is a precursor and bridge toward understanding
peptide and protein-induced corrosion of Cu and other metals.
Future studies should investigate other pure metals rather than an
alloy. However, stainless steel should be examined under slightly
more aggressive conditions, such as somewhat lower pH or higher
amino acid concentration, as it remained entirely in passive condi-
tions and did not change surface composition or thickness. Previous
studies with proteins at pH 7.423 or citrate species at pH 4.520 have
shown that metal release, including Ni release, which is indicative of
oxide defects, from stainless steel 316 L is affected by these ligands.

This study applied a phosphate-free buffer (MES buffer) to avoid
metal precipitation.4,35 This has previously been shown, both by
modelling and experimental data,4,69,70 to be essential to avoid
underestimation of Cu release in physiological environments. In
addition, the incorporation of phosphates, which slow down corro-
sion, in a surface layer on Fe has been shown in simulated media
containing phosphates.71 For stainless steel, it has been reported that
threonine and lysine (at 10–100 mM) inhibited corrosion even at
neutral pH (with phosphates), as determined by potentiodynamic
polarization.72 However, a closer look at that work suggests that a
pre-passivation from the amino acids caused this effect. Hence, to
our knowledge, this is the first study presenting metal release and
corrosion data for Cu in neutral pH in the presence of amino acids
and the absence of phosphates.

Conclusions

The investigated amino acids at 1 mM and pH 7.4 in 9 g l−1 NaCl
generally increased the corrosion current density and decreased the
corrosion potential of Cu compared with the reference solution not
containing amino acids. This was also shown by increased oxide
thickness using surface analysis. This trend was independent of
aeration. All selected amino acids (lysine, cysteine, arginine,
tyrosine, histidine, threonine, tryptophan, serine, glutamic acid,
glycine) increased the release of Cu during a 24 h exposure in
naturally aerated conditions at pH 7.4 and 37 °C, at most 18-fold.
Equilibrium chemical speciation modelling (in solution) predicted
the general trend but not the exact trend among amino acids.
Stainless steel maintained passive conditions and did not change
its surface oxide composition or thickness during a similar 24 h
exposure. Nevertheless, the Fe release was significantly higher in
1 mM cysteine, and the Cr release was 52-fold higher in 1 mM lysine
than in the reference solution. The surface analysis confirmed the
adsorption of amino acids after the 24 h exposure and rinsing in all
cases. Equilibrium chemical speciation modelling could predict the
general higher release for Cu in the presence of amino acids and its
independence from oxygen. However, it did not predict the increased
Fe and Cr release from 316 L.
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Figure A·1. Potentiodynamic polarization curves and corrosion current densities of Cu specimens (Cu-1 and Cu-2) exposed to aerated and deaerated solutions at
pH 7.40 and 25 °C with varying concentrations of threonine. a) Polished Cu specimens (Cu-1 and Cu-2, as indicated) were desiccated for 24 h before immersion
in the naturally aerated solutions of 9 g l−1 NaCl, 5 mM MES buffer, and 1 mM threonine. b) Polished and desiccated Cu-1 for 24 h before immersion in 9 g l−1

NaCl, 5 mM MES buffer, and either 0 (reference, duplicate), 1 (duplicate) or 10 mM of threonine under naturally aerated conditions. c) Deaerated conditions
(dashed lines in c): Freshly polished Cu specimen (Cu-1 and Cu-2) directly immersed in pre-purged and purged electrolyte. Naturally aerated conditions are
indicated as solid lines representing polished Cu specimens (Cu-1), 24 h desiccated before immersion in the non-purged electrolyte. The electrolyte composition
was as in a).

Figure A·2. Change in pH (left axis) and final pH (right axis) after 24 h
under naturally aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 5 mM MES
buffer, pH 7.4, containing no amino acid (Ref), or 1 mM tyrosine (Tyr),
arginine (Arg), tryptophan (Trp), cysteine (Cys), histidine (His), glutamic
acid (Glu), lysine (Lys), serine (Ser), threonine (Thr), or glycine (Gly), for
the blank solution without any Cu coupon (red) or the triplicate samples with
Cu coupons (blue, error bars show the standard deviation of triplicate
samples, except for Arg, which were duplicate samples). The pH of the blank
solution of the Ref solution did not change during the 24 h.

Table A·I. Determined aqueous (released) Cu (μg/cm2) after 24 h
under naturally aerated exposure of Cu coupons (Cu-3) at 37 ± 0.5 °
C in 9 g l−1 NaCl, 5 mM MES buffer, pH 7.4, containing no amino
acid (Ref), or 1 mM amino acid, as indicated. Average and standard
deviation values of triplicate samples. Asterisks show any statistically
significant differences to the Ref solution (* - p < 0.05; ** - p < 0.01,
*** - p < 0.001).

Amino acid Cu release/surface area (μg/cm2)

Refa) 13 ± 1
Lysine 144 ± 11**

Cysteine 242 ± 44*

Arginineb) 123 ± 3**

Tyrosine 137 ± 3*

Histidine 76 ± 4***

Threonine 26 ± 4*

Tryptophan 86 ± 11**

Glutamic acid 46 ± 3**

Serine 18 ± 2*

Glycine 29 ± 6*

a) for Cu-2, this reference solution value was 7.3 ± 4.5 μg cm−12. b) only
two replicates.
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Table A·III. Five predominant Ni species, based on JESS, for 1 mM total Ni in 9 g l−1 NaCl, 25 °C, 1 atm pressure, pe 5, and pH 7.4, and either no or
1 mM of an amino acid added, as indicated. Values are given in % (of 1 mM total Ni). The valence state is two in all cases for Ni. s—solid; Arg—
arginine; Asp—aspartic acid; Cys—cysteine; His—histidine; Lys—lysine; Ser—serine; Thr—threonine; Trp—tryptophan; Tyr—tyrosine. All
species that do not indicate a solid species are aqueous.

No amino acid (reference solution)

% of 1 mM Ni 86 8 4 2 —

Species Ni(OH)2 (s) Ni2+ NiCl+ NiCl2 —

1 mM lysine

% of 1 mM Ni 77 9 8 4 2
Species Ni(OH)2 (s) (NiH-Lys-I)2+ Ni2+ NiCl+ (NiH2 -Lys

-I
2)
2+

1 mM cysteine

% of 1 mM Ni 38 26 24 8 4
Species (Ni-Cys-II2)

2- Ni-Cys-II Ni(OH)2 (s) Ni2+ NiCl+

1 mM arginine

% of 1 mM Ni 60 23 8 5 4
Species Ni(OH)2 (s) (Ni-Arg-I)+ Ni2+ Ni-Arg-I2 NiCl+

1 mM tyrosine

% of 1 mM Ni 33 33 22 8 4
Species (NiH2 -Tyr

-II)2+ (NiH4 -Tyr
-II
2)
2+ Ni(OH)2 (s) Ni2+ NiCl+

1 mM histidine

% of 1 mM Ni 80 10 6 3 1
Species (Ni-His-I)+ Ni-His-I2 Ni2+ NiCl+ NiCl2

1 mM threonine

% of 1 mM Ni 39 37 12 8 4
Species Ni(OH)2 (s) (Ni-Thr-I)+ Ni-Thr-I2 Ni2+ NiCl+

1 mM aspartic acid

% of 1 mM Ni 89 5 3 2 1
Species Ni-Asp-II Ni2+ NiCl+ (Ni-Asp-II2)

2- NiCl2

Table A·II. Aqueous species as a percentage of 1 mM total Cu in 9 g l−1 NaCl, containing no amino acid or 1 mM of various amino acids, at pH 7.4,
25 °C, 1 atm pressure, and pe 5. Corresponding equilibrium JESS data to Figs. 1, 3 and S1. In the case of cysteine, the species (CuI5-Cys

-II
4)
3- was

excluded due to a numerical error.

Solution Ref Lys Cys Arg Tyr His Thr Trp Glu Ser Gly

% aqueous 0 33 100 78 46 100 70 45 37 54 37
Solution His+Tyr His+Trp His+Thr His+Ser
% aqueous 100 100 100 100
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Figure A·3. High-resolution Cu 2p3/2 peaks of surfaces of Cu coupons (Cu-3) after immersion for 24 h under naturally aerated exposure at 37 ± 0.5 °C in 9 g l−1

NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (a), or 1 mM serine (b), 1 mM threonine (c), or 1 mM tyrosine (d), measured using XPS. Cu(0 + I)
and Cu(II) values were calculated from the main 2p3/2 (blue line) and shake-up structure peak (red line) areas using the calculations presented previously.39
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Figure A·4. High-resolution Cu L3M4,5M4,5 peaks of surfaces of Cu coupons (Cu-3) after immersion for 24 h under naturally aerated exposure at 37 ± 0.5 °C in
9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (a), or 1 mM serine (b), 1 mM threonine (c), or 1 mM tyrosine (d), measured using XPS.
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Figure A·5. High-resolution O 1s peaks of surfaces of Cu coupons (Cu-3) after immersion for 24 h under naturally aerated exposure at 37 ± 0.5 °C in 9 g l−1

NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (a), or 1 mM serine (b), 1 mM threonine (c), or 1 mM tyrosine (d), measured using XPS.
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Figure A·6. High-resolution C 1 s peaks of surfaces of Cu coupons (Cu-3) after immersion for 24 h under naturally aerated exposure at 37 ± 0.5 °C in 9 g l−1

NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (a), or 1 mM serine (b), 1 mM threonine (c), or 1 mM tyrosine (d), measured using XPS.
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Figure A·7. Representative high-resolution Fe 2p3/2 peaks of unexposed (a) and exposed surfaces of 316 L coupons after immersion for 24 h under naturally
aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (b), or 1 mM cysteine (c), 1 mM threonine (d), or 1 mM
tyrosine (e), measured using XPS.

Figure A·8. Representative high-resolution Cr 2p3/2 peaks of unexposed (a) and exposed surfaces of 316 L coupons after immersion for 24 h under naturally
aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (b), or 1 mM cysteine (c), 1 mM threonine (d), or 1 mM
tyrosine (e), measured using XPS.
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Figure A·9. Representative high-resolution Ni 2p3/2 peaks of unexposed (a) and exposed surfaces of 316 L coupons after immersion for 24 h under naturally
aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (b), or 1 mM cysteine (c), 1 mM threonine (d), or 1 mM
tyrosine (e), measured using XPS.

Figure A·10. Representative high-resolution Mo 3d5/2 peaks of unexposed (a) and exposed surfaces of 316 L coupons after immersion for 24 h under naturally
aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (b), or 1 mM cysteine (c), 1 mM threonine (d), or 1 mM
tyrosine (e), measured using XPS.
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Figure A·11. Representative high-resolution C 1 s peaks of unexposed (a) and exposed surfaces of 316 L coupons after immersion for 24 h under naturally
aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (b), or 1 mM cysteine (c), 1 mM threonine (d), or 1 mM
tyrosine (e), measured using XPS.

Figure A·12. Representative high-resolution O 1s peaks of surfaces of unexposed (a) and exposed 316 L coupons after immersion for 24 h under naturally
aerated exposure at 37 ± 0.5 °C in 9 g l−1 NaCl, 0.5 mM MES buffer, pH 7.4, containing no amino acid (b), or 1 mM cysteine (c), 1 mM threonine (d), or 1 mM
tyrosine (e), measured using XPS.
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