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Abstract

During joint inflammation, various reactive oxygen species (ROS) are present in the surrounding
tissue and joint fluid. In the laboratory, hydrogen peroxide (H,0,) is typically used to simulate
inflammatory conditions, and media containing proteins and hyaluronic acid (HA) are employed
to simulate joint synovial fluid. Electrochemical interactions between H>O5 and HA in the
presence of a CoCrMo surface are expected, since HA molecules contain redox-active moieties.
We hypothesized that any redox reactions of these moieties with ROS will mitigate the oxidizing
effect of H,O, on the CoCrMo surface, limiting the corrosion rate of the metal.

Non-destructive electrochemical measurements (open circuit potential, linear polarization
resistance and electrochemical impedance spectroscopy) were used to investigate the corrosion
response of CoCrMo in synovial model fluid containing physiologically relevant concentrations of
albumin proteins and hyaluronic acid, with and without H,O,. Two different molarities of H,0,, 3
mM and 30 mM, were tested. While both molarities are within physiological limits, 3mM is well
within the range HA could mitigate, whereas 30 mM is not.

Contrary to our hypothesis, HA did not alleviate corrosion in 3 mM H,05 and even caused a
corrosion increase in the case of 30 mM H,0O5. The decrease in corrosion resistance of the alloy
may be attributed to the complexation of degenerated HA molecular chains with chromium ions
released from the metallic surface, which are necessary to build a protective oxide film. This
finding has clinical implications, suggesting that HA accelerates corrosion of CoCrMo implants in
the presence of strong inflammation.
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1 Introduction

CoCrMo alloys, as defined by ISO 5832-12 (cast), ISO 5832-12 or ASTM F1537 (wrought),
are used for components in hip and knee prostheses. CoCrMo alloys have outstanding
mechanical and corrosion properties [1]. Their corrosion resistance (and thus
biocompatibility) in body fluids relies on the presence of a protective surface oxide film [2].
Still, the use of CoCrMo as implant alloy is associated with the release of wear and
corrosion debris that have been related to clinical problems, such as metal hypersensitivity
[3], adverse local tissue reactions and finally implant failure [4, 5]. The mechanisms
responsible for the body reactions to generated CoCrMo-debris need to be investigated using
conditions, which approach the /in vivo situation.

Hyaluronic acid (HA) is present in synovial joints, where it contributes to the lubrication of
the opposing joint surfaces due to its high viscosity [6]. As an important component of
synovial fluid, HA has been added to model lubricants in tribological and corrosion studies
with articulating materials used in joint replacement [7-10]. From the clinical perspective,
HA solutions have been injected into patients’ knee joints in order to enhance lubrication
and thus mitigate osteoarthritis [11, 12]. HA is a long, unbranched polysaccharide composed
of alternating units of N-acetylglucosamine and glucuronic acid. Both moieties can give up
anions, which could be used to reduce reactive oxygen species (ROS).

Hydrogen peroxide (H205) is one of the ROS species present /n vivo. It has been used to
simulate inflammatory conditions in tribological and tribocorrosion experiments for
materials used in joint replacement [13-16]. During the inflammatory response, activated
phagocytic leukocytes produce H,O, and superoxide, which subsequently interact, forming
hydroxyl radicals, singlet oxygen, and additional H,O, [16]. While the exact levels of these
chemistries /n vivo are unknown, literature suggests that a concentration range of 0.1 mM to
(locally) 30 mM is possible [13].

Besides the degradation of HA by excessive Reactive Oxygen Species (ROS) generated in
pathologic joint synovial fluids [17], HA and synovial fluid were shown to exert antioxidant
activities by scavenging ROS (H,0,, O™, OHe and chemiluminescence) in a dose-
dependent manner [18]. In particular, it has been shown that it is the D-glucuronic acid of
the HA molecule that reacts with H,0,.

The importance of using more complex and thus more realistic solutions, as well as
considering longer time periods when testing metals for orthopedic implants, has been
recently highlighted in recent works about the synergistic effects of albumin and H,O5 on
the corrosion resistance Ti6AI4V alloys [19, 20], and about a clinically relevant HA
containing lubricant for wear testing of materials for total knee arthroplasty implants
(UHMWPE/CoCr) [21]. In the same context, the effect of HA on the electrochemical and
chemical changes promoted under sliding and its relation with the formation of in vitro
tribochemical layers has been investigated for a CoCr/CoCr pin-on-disc system in phosphate
buffer solution (PBS) [22].

To our knowledge, the combined effect of dissolved HA and H,O, in a serum solution on
the corrosion response of CoCrMo alloys has not yet been investigated. In this study, two
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different concentrations of H,O (3 and 30 mM) were added to a physiological saline
solution with 50% fetal bovine serum in the presence or absence of HA (3 g/L). Non-
destructive, electrochemical methods were used to investigate the effect of these solutions on
the corrosion behavior of a CoCrMo implant alloy used in total hip and knee replacement.
Relatively long measurements (10 + 1 h) were carried out in order to test and compare the
open circuit potential (OCP) evolution and stability. The rationale for long (10 h) OCP
measurements was given by previous electrochemical experiments run in our lab and by
other studies [7, 23], which report stabilization times up to 24 h for HA containing
electrolytes. In addition, the protocol for the mixing of the HA powder (magnetically stirred
in a cold room for 24 h) was chosen in order to assure complete HA dissolution and to
promote the reproducibility of the measurements.

We hypothesized that, at an HA concentration value of 3 g/L, the oxidative effect of H,0,
up to equivalent molar concentrations (i.e., 7.5 mM) will be mitigated due to the redox
capability of the HA molecule.

2 Materials and Methods

2.1

2.2.

Metallic samples

Three discs made of low carbon (LC) CoCrMo (ASTM F1537), 12 mm in diameter and 7
mm in height, were embedded in acrylic resin forms (25 mm in diameter and 15 mm in
height). A hole was drilled in the back of each acrylic form up to the metallic disc in order to
establish electric contact in the three-electrode configuration. The specimens were polished
with silicon carbide sand-paper up to 800/P1500 and cleaned in an ultrasonic bath (5 min in
Tergazyme® detergent solution followed by 10 min in bidistilled water). Since each
specimen was re-used five times, the polishing and cleaning was repeated before each test.

Electrolytes

The base solution used for all tests was composed of 51.6 vol% of saline sterile solution
(0.9% sodium chloride, USP, Baxter Healthcare Corporation) and 48.4 vol% of newborn calf
serum (Fischer Scientific, lot number 1751586) for a total protein concentration of 30 g/L.
The HA was added in the form of sodium hyaluronate powder (Bulk Supplements (25g
package, lot number 20150518) for a total concentration of 3 g/L. According to the supplier,
the purity level of the HA powder was at least 96%. Additional analyses performed in our
lab revealed a purity level of 97.1% and contamination values of 0.18% for proteins, 1.78%
for lipids, 0.001% for DNA, and 2.69 EU/ml for endotoxins. This level of impurities was
deemed acceptable for the purposes of this study. Hydrogen peroxide was added using a 35
wit% H,0, ultrapure analytical reagent (Tamapure AA-10, metallic impurity level < 10 ppt)
for a final concentration of either 3 or 30 mM (0.29 or 2.9 g of reagent/L). The protein and
HA concentrations used in this study are clinically relevant as they relate to the synovial
fluid of patients after total hip replacement [6].

After preparation, the stock base solution was kept in the refrigerator at 5 °C for a maximum
of 2 weeks and used to prepare six electrolytes for this study: To the base solutions
containing no H,O5, 3 MM H,0,, and 30 mM H,0, were added with or without HA (see
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Table 1). All tests without HA were done first. For the HA containing electrolytes, HA
powder was added to the remaining stock base solution and gently stirred for 24 h in a cold
room (4 °C) for complete dissolution. For the H,O, containing electrolytes, volumes of 2.58
and 25.8 pl (which respectively correspond to 3 mM H,0, and 30 mM H,0, considering the
specific weight of the 35 wt% H,05 reagent) were added to 10 ml of base solution, with or
without HA, and stirred for 1 h at room temperature before the test. In all cases, the volume
needed for each test (10 ml) was pipetted out from the stock solution and allowed to come to
reach room temperature 1 h before the test was conducted. Three tests were performed for
each electrolyte. The tests were performed at room temperature (21 + 1 °C). No additives for
pH control were used. The pH was measured before and after each test using an AB15 pH
Meter (accumet® Basic, Fisher Scientific).

2.3. Electrochemical measurements

A three-electrode electrochemical configuration connected to a potentiostat (Interface
1000E, Gamry Instruments) was used to conduct the tests. The working electrode was the
metal sample inside the acrylic specimen, exposing its surface to the electrolyte at the
bottom of the chamber; the counter electrode was a platinum wire coiled above the working
electrode; the reference electrode was a standard calomel electrode (0.241 V vs. SHE)
placed through the coiled Pt wire. The chamber was sealed on the bottom with an O-ring and
was covered on the top with a lid containing openings for the reference and counter
electrode. This set-up avoided evaporation issues.

The test protocol consisted of the following sequence: (1) Open circuit potential (OCP)
measurement (10 min); (2) Cathodic cleaning (=0.9 V vs. Egrgg, 10 min); 3) OCP
measurement (60 min); (4) Linear Polarization Resistance (LPR) (200 s); (5)
Electrochemical Impedance Spectroscopy (EIS). A loop of 10 cycles was set for steps 3 and
4, so that the OCP was measured for 10 h with an LPR measurement at the end of each hour.
This means that the EIS measurement at the end of the sequence followed 10 h of OCP
stabilization time. For the LPR measurements, the potential was scanned from —10 to +10
mV vs. Eqc at a rate of 0.1 mV/s. For the EIS measurements, the amplitude of the sinusoidal
voltage perturbation was £10 mV (rms) vs. Eqc, and the frequency ranged from 50 kHz to
0.05 Hz. The choice of the EIS parameters was based on published studies on similar
systems [14, 24-26]. The Kramers-Kronig fit was applied to all EIS spectra for validation of
the measurements. An equivalent circuit analysis was carried out using the Gamry Echem
Analyst software (Version 6.33, Gamry Instruments).

In addition to the main protocol described above, a Tafel measurement, from —-25 to +25 mV
vs. Egc and at a rate of 0.5 mV/s, was carried out after the first test of each electrolyte
group. The Tafel measurements allowed for a quantitative estimation of the Tafel anodic and
cathodic parameters (Ba and Bc) for each electrolyte group. These parameters were
integrated into the LPR analysis for a quantitative estimation of corrosion rate values using
the Gamry Echem Analyst software.
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3 Results

The available pH values among all electrolytes (Table 2) remained in the range 7.5-8.3. A
pH increase with time was observed along the duration of each test (ApH = 0.2-0.6).

The open circuit potential curves were obtained by stitching together the 10 x 1h
measurements from 3 independent specimens for each electrolyte (Fig. 1). As can be
observed from the curves, the initial behavior of OCP after cathodic polarization was not
influenced by the presence or absence of HA (left column: no HA,; right column: HA);
however, it was influenced by the presence and concentration of H,O, (top row: no H,Oo;
middle row: H,O, [3 mM]; bottom row: H,0, [30 mM]). The time necessary to reach the
stationary open circuit potential decreased with increasing H,O,, which is seen by the
increased slope of the potential evolution on the onset of the OCP measurement following
the cathodic cleaning. According to [27], this time is an important characteristic of a
passivating process and is associated with the electrochemical reactivity of the tested
material in the test electrolyte. This is as expected from the catalyzing effect of H,O,. In the
case of HA + 30 mM H,0,, the OCP showed an initial peak. The OCP values reached stable
values at the end of the 10 h for all electrolytes. The difference between maximal and
minimal potential values during the last (10!") hour ranged from 4 to 12 mV//h. The presence
of H,0, tended to accelerate the OCP stabilization (accelerated passive film formation). The
OCP curves from the tests in the electrolytes with 30 mM H,0, only showed a noise-like
behavior, which did not occur in the presence of HA. Base OCP values (without HA) are
consistent with previously reported values of CoCrMo in serum of —0.2 V vs. SCE [25]. The
increasing OCP values in the presence of H,O5 but without HA are also consistent with
previously reported behavior for CoCrMo exposed to different concentrations (from 0.1 to
30 mM) of HyO5 in PBS [14]. T-Tests (Two-Sample Assuming Unequal Variances) on the
final OCP values showed statistical difference (p < 0.05) between the groups Base vs. Base
+3mM H,0, (p=0.0128), Base vs. Base+30mM H,0, (p=0.0081) and Base+3mM H,0,
vs. Base+30mM H,05, (0.0499). On the other hand, there was no statistical difference
among the groups with HA (p = 0.3699, p = 0.1023, and p= 0.3178 respectively).

Polarization resistance (Rp) values were calculated from the LPR measurements that were
performed every hour for 10 h. For this calculation, a linear fit with correlation coefficient 7
= 0.9 was applied to the measured current in a window of £2mV potential around the OCP,
and the slope of this linear fit was converted into the units of measurement for specific Ry,
kQ cm? (Fig. 2). Note that the different OCP values for each electrolyte are in line with the
average values reported in Table 3. No clear trend of either increase or decrease of R with
time was observed. For this reason, the final Ry, value (after 10 h) was considered for a
comparative analysis among the groups. The polarization resistance decreased with
increasing H,O, concentration for both electrolyte groups with or without HA. The
electrolyte with HA and 30 mM H,05 showed a significantly lower polarization resistance
compared to all others. Average and standard deviation values of Ry, after 10 h are given in
Table 3. T-Tests (Two-Sample Assuming Unequal Variances) on the final Ry, values showed
statistical difference (p < 0.05) only between the group Base+HA+3mM H,05 vs. Base+HA
+30 mM H,0, (p= 0.0337), and the difference between Base+HA vs. Base+HA+30 mM
H,0, was nearly statistically significant (o= 0.0691). The critical behavior of this
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electrolyte in terms of corrosion resistance is also reflected in the calculated corrosion rate
values (Table 3). The corrosion rate increased with increasing H,O, concentration as
expected [14]. Unexpectedly, the presence of HA in 30 mM H,0, electrolytes caused a 2-3
times increase of the corrosion rate.

The trend of decreased corrosion resistance with increasing H,O, concentration seen in the
OCP and LPR results was confirmed by the EIS measurements performed at the end of the
test protocol (Fig. 3); this is clear by the decreased diameter of the semi-circle arcs in the
Nyquist plots. The plots from the tests with HA and 30 mM H,0, showed consistently a
different behavior in the lower half of the frequency range. In order to investigate this, an
equivalent circuit model analysis was carried out (parameters in Table 4, equivalent circuit in
Fig. 4). This five-component model, which has been used by other authors with a similar
system [25, 28], allowed the fitting of 17 of the 18 EIS measurements. The Chi-squared
values (the squared sum of weighted residuals, also called Goodness of Fit) reported in the
last column of Table 4 are in the order of magnitude of 1E-04 and 1E-05, documenting a
very good fit of the model circuit; in fact, published works in the field report Chi-squared
values in the order of magnitude of 1E-03 [29] and 1E-0.2 [28] (the lower the Chi-squared
value, the better the fit). The model was able to calculate the values for the resistance
elements at the lowest frequencies, despite most of the measurements did not reach a steady
state resistance (impedance given only by the real part). This behavior has been observed by
other authors with similar systems [14, 24-26]; in particular, the extrapolation of the
resistive element at lower frequencies can be clearly seen in [24]. The solution resistance
was in the range (53 + 5) Q cm? for all electrolytes. The CPE of the adsorbed layer was
characterized by alpha values equal to 0.9 for all electrolytes, meaning that the adsorbed
layer can be associated with a capacitor. As can be seen by comparing the values of CPE
coefficient of the adsorbed layer (Qg) in Table 4, Q4 was not influenced by the presence of
HA and tended to slightly decrease with increasing H,O, concentration. The resistance of
the adsorbed layer did not show a clear trend and was in the range of 4 =7 kQ cm? for all
electrolytes, with the exception of the second simulation for the electrolyte “Base + HA + 30
mM H,05,”. Nevertheless, this simulation showed a relatively high value of the Chi Squared,
which means that this fit was relatively poor. At the electrode-electrolyte interface, the CPE
coefficient of the double layer (Qq;) and the charge transfer resistance (R¢t) were simulated.
However, the CPE of the double layer was characterized by alpha values equal to 0.5 £ 0.1
for all electrolytes. The alpha value can be associated with a distribution of time constants
along the surface, meaning non-uniform current and potential distributions. In this model, a
non-uniform adsorption of proteins could be reflected in the capacitance behavior of the
surface double layer with low alpha values.

This interpretation is supported by the fact that the protein concentration was the same for
all electrolytes and the values of Qg did not show a clear trend among all electrolytes. The
simulated charge transfer resistance was in the range of 110 — 589 kQ-cm? for the first five
groups, excluding the value above 3000 kQ-cm? from the first simulation in the group “Base
+ HA” with relatively high Chi Squared. For “Base + HA + 30 mM H,0,”, R values were
up to one order of magnitude smaller (29 — 55 kQ-cm?).
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4 Discussion

This study investigated whether the redox capability of HA, a main component in synovial
fluid, could mitigate corrosion of CoCrMo implant alloy under inflammatory conditions.
Inflammation was modelled in this study by the addition of 3 mM or 30 mM H,0, to a
proteinaceous testing fluid. Using EIS and LPR measurements, calculating the polarization
resistance and corrosion rate after 10 h of OCP stabilization, we did not find evidence for the
hypothesized scavenging of H,O by an antioxidant action of HA for the 3 mM H,0,
condition. While statistical differences of stable OCP values were found among the groups
with different molarities of H,O, in the absence of HA, no statistical differences with
different molarities of H,O, were found when HA was present; on the contrary, statistical
significant differences were found in the polarization resistance values, showing the
influence of H,0, also in the presence HA. According to pH measurements, the electrolytes
used in this study tended to turn basic with time, with no clear influence of H,O, and HA.
We conclude, that the behavior of the system is a matter of the considered size scale: the pH
values reflect the properties of the bulk solution; the stable OCP values reflect an
unchallenged state of the CoCrMo surface, that is, a surface with relatively stable double-
layer; the LPR and EIS values reflect the electrochemical response of the surface even to
small (+ 10 mV) amplitude voltage signals, therefore including possible interactions among
HA and H,0, molecules at the CoCrMo surface, within the double-layer.

The surface of the CoCrMo alloy is protected by a natural, uniform oxide film, which is
composed mainly of Cr,03 [2]. The isoelectric point of Cr,03 is in the range of 6.2-8.1 [30].
The isoelectric point of HA is 2.5 [31]. The measured pH of the electrolytes was 7.5-8.2.
Based on these values, it can be assumed that no electrostatic attraction of the HA molecules
towards the metallic surface occurred during our experiments. In fact, the metallic surface
had a neutral charge, while the HA molecules were negatively charged. On the other hand,
the metallic surface was certainly covered by proteins, because proteins from biological
fluids are known to adsorb onto biomaterial surfaces almost instantaneously [26, 32, 33].
The additional presence of H,O5 likely caused an oxidation of the metal surface through the
adsorbed protein layer with growth of an unstable (porous) oxide film. This assumption is
supported by our results as the OCP increases and the corrosion resistance decreases, as well
as by other studies in literature [13]. In this context, the physiological concentration of 3 g/l
HA showed no antioxidant effect on the corrosion behavior of the CoCrMo implant alloy at
3 mM H,0,.

The adsorbed layer of proteins and/or a porosity in the protective oxide film caused by H,02
is reflected by the second time constant in the phase diagram of the Bode plots. The second
time constant was observed for all electrolyte groups except for “Base + HA + 30 mM
H,0,", suggesting that the kinetics of the electrochemical reactions occurring at the metallic
surface in this electrolyte were not disturbed by adsorbed layers or by a porous protective
film. In fact, all electrochemical methods and calculations presented here indicated a
significantly reduced corrosion resistance with the group “Base + HA + 30 mM H,0,", as
compared to the other groups, including the group “Base + 30 mM H,0,”. According to the
EIS equivalent circuit simulation, this drastic decrease in corrosion resistance was due to a
decrease in charge transfer resistance at the CoCrMo surface. The charge transfer resistance
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values of the EIS simulation were reflected in the polarization resistance values calculated
from the LPR measurements. Despite the different electrochemical derivation of these two
parameters, the resistance to charge transfer may be seen as a contribution to the polarization
resistance (the polarization resistance is measured over a larger voltage range and may also
include the diffusion resistance of the reactants). Additional measurements in 0.9% NaCl
solutions with HA and 30 mM H,0,, using the same protocol as for all the other tests,
yielded EIS Bode plots indicating that the absence of proteins generated a behavior of pure
diffusion at the CoCrMo surface, with no resistance elements (Fig. 5). This confirmed that
HA in combination with H,O, [30 mM] has the effect of accelerating the electrochemical
reactions at the CoCrMo surface.

A possible explanation for this finding is the following: the high concentration of H,O, and
the contact to the metallic surface promote the rupture of the HA chains by the action of
hydroxyl radicals through Fenton-like reaction [34, 35]. At the same time, H,0, oxidizes the
CoCrMo surface with production of Co2*/Cr3* ions and hydroxyl radicals. It is possible, in
this condition, that the protein layer is partially removed from the surface and that HA
molecules present in a volume close enough to the surface complex with released Co2*/Cr3*
ions, transporting them away from the surface. The resulting oxide film is thus depleted of
Co0/Cry03 and, consequently, it becomes less protective in the presence of HA than in the
absence of it. This difference in the quality of the protective film was also reflected in the
OCP measurements: the OCP reached higher values in 30 mM H,0, without HA, indicating
a higher rate of oxide film growth, as compared to the 30 mM H,0, electrolyte with HA.

Although we found no reports detailing complex formation of hyaluronate with Cr3* or
Co?*, it has been shown that ferric ion, another 3d transition metal ion, reacts with
hyaluronate ion in aqueous solution to from Fe3*-hyaluronate complexes through both the
N-glucosamine and D-glucoronic acid moieties [36]. Furthermore, the above described
hypothesis is supported by literature about the effect of different metal ions on the oxidative
damage and antioxidant capacity of hyaluronic acid [35]. In this study, bivalent metallic ions
were shown to preferentially associate to HA, forming structure-stabilizing complexes and
preventing their ROS-induced degradation. Interestingly, the recruitment of the Cr3* ions by
the HA forming Metal-HA complexes has also been speculated to be the explanation for
higher wear rates observed with CoCr/UHMWPE in a knee simulator in HA containing
bovine serum lubricants, as compared to bovine serum lubricants only [21]. Finally,
according to the results from a very recent study [22], the fraction of chromium oxide
Cr(OH)3 in the passive film of a CoCr alloy exposed to PBS with 0.3% HA decreased under
the tested wear conditions, suggesting that HA preferentially interacts with chromium with a
consequent net loss in available chromium within the passivating layer. We therefore
speculate, that the decrease in corrosion resistance in the presence of HA and 30 mM H,0»,
observed in the present study may be caused by a similar degeneration process of the
protective passive layer of the CoCrMo alloy already observed under wear conditions in the
presence of HA [21, 22]. Further investigation is warranted as this finding may have a
critical, clinical implication suggesting that, in cases of extreme inflammation, HA may
accelerate /n vivo corrosion of CoCrMo implants.
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This study documents the initial investigations performed in our laboratory about
interactions between HA as a main synovial fluid component and H,O5 as an inflammatory
simulating species in an orthopedic, tribocorrosion system with CoCrMo alloy. The study is
not without limitations: (1) the number of H,O, concentration values tested is insufficient to
give information about the threshold value where the change in corrosion behavior occurs;
(2) the clinical relevance of the highest value tested (30 mM H,05) has no /n vivo proof; (3)
it was not possible to distinguish differences between diffusion effects given by proteins
adsorbed on the CoCrMo surface from those given by porosity in the protective oxide film
generated by H,O, oxidation; (4) the electrochemical measurements used in this study are
non-destructive: the corrosion resistance of the surface in the different media was evaluated
indirectly, without accelerating corrosion of the surface through anodization, tribocorrosion
or longer (over several days) immersion tests. In this context, it was possible to re-use a
limited amount of the samples, which were available for the study. To ensure the same initial
surface conditions for each test, samples were re-polished, and cleaned both in ultrasonic
bath and electrochemically (cathodic cleaning). Nevertheless, the methodology chosen did
not allow for direct analysis of corrosion-rate and -mechanism, including changes in the
samples’ weight, in surface morphology, surface roughness or surface composition.
Therefore, despite the clinically relevant concentration of HA and proteins and the use of a
medical alloy, this study claims no clinically relevant statements. Possible mechanisms
involved in the influence of HA and H,05 in the corrosion behavior of CoCrMo require
further investigation. The use of destructive electrochemical methods and/or microelectrodes
in future experiments might be promising in this context. As next step, we will perform
fretting corrosion tests using the same lubricants and we will include a more accurate the
analysis of the different media tested, assessing degradation rates of the HA and H,0,
molecules.

5 Conclusions

. The various electrochemical techniques employed (OCP, LPR, EIS) delivered
consistent results.

. The addition of HA to a serum saline solution in concentrations representative of
synovial fluid showed a minor influence on the corrosion behavior of the
CoCrMo alloy (slightly decreasing corrosion resistance).

. The addition of 3 mM H,0, representing moderate inflammation conditions
caused a further moderate decrease in corrosion resistance, independently of the
presence of HA.

. In contrast, 30 mM H,0, and the presence of HA caused a major decrease in
corrosion resistance of the CoCrMo alloy. This finding can be explained by a
decrease in the protective quality of the passive film, due to the degradation of
the HA molecules caused by H,O,, combined with complexation of HA chains
with metal ions released from the CoCrMo surface, thus potentially causing
chromium depletion in the oxide film.
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Open Circuit Potential curves, obtained by stitching together the 10x1h measurements on 3
independent specimens, with the electrolytes described in Table 1: without HA on the left;
with HA on the right; without H,O5 on the top; with 3 mM H,0, in the middle; with 30 mM

H»0, on the bottom.
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Fig. 2.
Current measurements during LPR in a window of £ 2mV around the OCP, used for the

calculation of Ry: the slopes of linear fits with correlation coefficient > 0.9 were converted
into units of specific R, (one test per group; in the online version, data in red correspond to
electrolytes without HA and, in blue, to electrolytes with HA). The different OCP values for
each electrolyte are in line with the average values reported in Table 3.
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resulting from the Electrochemical Impedance Spectroscopy measurements for the

electrolyte groups described in Table 1.
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Fig. 4.
Equivalent electric circuit model used to fit the EIS plots presented in Fig. 3.
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Fig. 5.
Bode plots from EIS measurements with 0.9% NaCl solution + HA [3g/I] + H202 [30 mM].

They are consistent with pure diffusion at the CoCrMo surface with no resistance elements.
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Table 1.

The 6 different electrolytes tested in this study. The base solution was composed of 51.6 vol% of saline sterile
solution and 48.4 vol% of newborn calf serum, for a total protein concentration of 30 g/L.
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H,0;
HA
None 3mM 30 mM
- Base Base + 3mM H,0, Base + 30 mM H,0,
3¢g/L | Base+HA | Base + HA+3 mM H,0, | Base + HA + 30 mM H,0,
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Table 2.

Measurements of pH before and after each test.

Electrolyte Test# | pH before | pH after | ApH
Base 1 7.55 8.05 0.50
2 7.47 8.05 0.58

3 - 8.20 -

Base+ HA 1 - 8.32 -

- 8.18 -

3 - 8.10 -
Base+ 3mM H,0, 1 7.60 8.15 0.55
2 7.86 8.15 0.29
3 7.94 8.35 0.41
Base+ HA+ 3mM H,0, 1 7.48 8.01 0.53
2 7.83 8.14 0.31
3 7.97 8.29 0.32
Base+ 30mM H,0, 1 7.80 8.20 0.40
2 7.80 8.26 0.46
3 7.81 8.33 0.52
Base+ HA+ 30mM H,0, 1 8.03 8.28 0.25
2 8.14 8.33 0.19
3 8.23 8.42 0.19
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Table 3.

Average and corresponding standard deviation of open circuit potential (OCP) values (V vs. SCE),
polarization resistance (Rp) values (kQ-cm?), and corrosion rate (vcorr) values (microns per year) derived from

OCP and LPR measurements, relative to the CoCrMo specimens after 10 hours (electrolytes described in
Table 1). The Tafel parameters used for the calculation of the corrosion rate were extracted from separate Tafel
measurements (not shown), performed at the end of the first test of each electrolyte group.

Electrolyte OCP #£st. dev., Vvs. SCE | Ry £st. dev, kQ.cm? | Veorr # st. dev., pm-y~?

Base -0.15+0.019 182 + 86 1.6 % 0.9 (Ba, Bc = 0.10)

Base+ HA -0.11 £ 0.020 208 £ 76 1.3+ 0.5 (Ba, Bc = 0.10)

Base+ 3mM H,0, -0.08+0.010 137+8 2.2+0.2 (Ba, Pc = 0.12)
Base+ HA+ 3mM H,0, -0.10 £ 0.017 112 £ 26 2.3%0.6 (Ba, Bc =0.10)
Base+ 30mM H,0, +0.04 +0.048 116 + 34 2.8+ 1.1 (Ba, Pc=0.12)
Base+ HA+ 30mM H,0, -0.08 £0.014 46 £11 7.8+3.0 (Ba, Bc =0.13)
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Table 4.

Parameters of the equivalent circuit given in Fig. 4 calculated by fitting the EIS plots of Fig. 3 (electrolytes
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described in Table 1).

Electrolyte Rs, Qcm? | Qg USs¥em? | aq, - | Ry, KQem? | Qg uSs*em? | agp, - | Re, kQem? | Chi Squared, -
55 44 0.9 5 87 0.6 143 1.60E-04
Base 58 33 0.9 5 32 0.6 466 1.45E-05
58 27 0.9 3 28 0.6 553 9.13E-05
51 35 0.9 4 55 0.5 3187 1.18E-04
Base+ HA - - - - - - - no fit
58 28 0.9 2 26 0.6 589 1.92E-05
Base+ 53 29 0.9 2 22 0.5 174 1.86E-04
3mM H,0 52 30 0.9 6 35 0.5 337 2.03E-05
22 51 29 0.9 2 26 0.5 171 1.16E-04
55 32 0.9 4 38 0.5 110 3.19E-05
Base+ HA+ 3 mM H,0, 49 28 0.9 4 37 0.5 180 2.29E-05
49 28 0.9 4 26 0.5 277 8.42E-05
55 22 0.9 4 21 0.5 168 4.30E-04
Base+ 30mM H,0, 53 23 0.9 4 54 0.5 120 1.57E-04
53 21 0.9 7 27 0.6 214 1.67E-04
52 23 0.9 7 52 0.6 29 3.39E-05
Base+ HA+ 30 mM H,0, 55 20 0.9 35 73 0.6 39 4.18E-04
50 20 0.9 6 28 0.4 55 1.41E-04
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