POLITECNICO DI TORINO
Repository ISTITUZIONALE

Surface modified Ti6Al4V for enhanced bone bonding ability — Effects of silver and corrosivity at
simulated physiological conditions from a corrosion

Original

Surface modified Ti6AI4V for enhanced bone bonding ability — Effects of silver and corrosivity at simulated physiological
conditions from a corrosion

and metal release perspective / Hedberg, Y.S., Gamna, F., Padoan, G., Ferraris, S., Cazzola, M., Herting, G., Atapour,
M., Spriano, S., Odnevall Wallinder, I.. - In: CORROSION SCIENCE. - ISSN 0010-938X. - ELETTRONICO. - 168:(2020),
p. 108566. [10.1016/j.corsci.2020.108566]

Availability:
This version is available at: 11583/2812467 since: 2020-04-16T12:10:50Z

Publisher:
Elsevier

Published
DOI:10.1016/j.corsci.2020.108566

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

28 June 2026



Corrosion Science 168 (2020) 108566

journal homepage: www.elsevier.com/locate/corsci

Contents lists available at ScienceDirect

Corrosion Science

Surface modified Ti6Al4V for enhanced bone bonding ability — Effects of
silver and corrosivity at simulated physiological conditions from a corrosion

and metal release perspective

Check for
updates

Yolanda S. Hedberg®*, Francesca Gamna®™", Gianmaria Padoan®™", Sara Ferraris”,
Martina Cazzola”, Gunilla Herting®, Masoud Atapour™*, Silvia Spriano™’,

Inger Odnevall Wallinder™'

2 KTH Royal Institute of Technology, Department of Chemistry, Division of Surface and Corrosion Science, Drottning Kristinas vag 51, SE-10044, Stockholm, Sweden
Y Materials Physics and Engineering, Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129, Torino, Italy
© Department of Materials Engineering, Isfahan University of Technology, Isfahan, 84156-83111, Iran

ARTICLE INFO ABSTRACT

Keywords:

A. Alloy

A. Titanium
A. Silver

B. XPS

B. Polarization

Different surface treatments, with and without silver (Ag), of a Ti6Al4V alloy for increased bone bonding ability
were investigated and compared with non-treated surfaces. Studies were conducted at 37 °C in phosphate buf-
fered saline (PBS, pH 7.4) of varying hydrogen peroxide (H>0,) and bovine serum albumin (BSA) concentrations.
Increased levels of metal release and corrosion were observed in the presence of both H,O, and BSA due to
complexation with Ti and Al in the surface oxide, respectively. Ag release was enhanced by the presence of BSA.

Galvanic effects by Ag were minor, but possibly observed in the most corrosive environment.

1. Introduction

Silver doped surfaces are of interest for biomedical alloy applica-
tions, since silver has a known antimicrobial function against pathogens
[1]. Biomedical titanium alloys, such as the titanium-aluminium (6 wt-
%)-vanadium (4 wt-%) alloy, denoted Ti6Al4V, are often used for bone
applications (e.g. screws in dental implants, or stems in hip/knee
prostheses) [2]. Successful osseointegration (tight integration into the
bone) and high bone bonding ability are crucial processes for these
applications. Multifunctional surface engineering combining anti-
microbial properties and bone bonding abilities is increasingly em-
ployed to elaborate efficient biomaterial surfaces [1]. The investigated
Ti6Al4V surfaces of this study are based on a one-step chemical treat-
ment that has been developed to enhance the bone bonding ability,
accomplished by modifying the surface morphology generating pores
on the nanoscale and a high density of OH groups. These changes in
surface morphology and chemistry improve the ability of the surface to
induce apatite precipitation, to enhance the cell response and to pas-
sively discourage bacteria adhesion [3,4]. An active antimicrobial ac-
tion is gained via the addition of silver nanoparticles [5].

When silver is electrically coupled to a biomedical alloy, it might
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negatively influence the corrosion properties and the extent of metal
release. Nanostructured silver coated on a Ti6Al4V alloy has been re-
ported to cause both higher cathodic and anodic currents when exposed
in 0.9 % NaCl for 10 days at room temperature compared with a non-
coated surface. This was explained by effects of galvanic coupling
causing silver ion release [6]. However, to the best of the knowledge of
the authors, effects of silver incorporated within porous titanium di-
oxide-rich surface layers, optimized for enhanced bone bonding ability,
have not been reported.

The relevance of corrosion tests of highly passive alloys such as
Ti6Al4V in simplified media such as 0.9 % NacCl for more severe phy-
siological conditions such as inflammation and infection has recently
been questioned [7-10]. Combined and partially complexation-induced
chemical and electrochemical processes have been identified to en-
hance both corrosion and metal release from Ti6Al4V alloys in the
presence of proteins (albumin) and hydrogen peroxide (H»0,) [7,8,10].
Although similarities have been observed between metal release results
of these in vitro studies and reported Ti6Al4V failures [9,10], these
findings might not be directly applicable for surface modified Ti6A14V
alloys with thick and/or porous oxides of enhanced bone bonding
ability.
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Table 1
Composition and pH of physiological solutions.
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PBS PBS+40 g/L BSA PBS +40 g/L BSA +10uM H;0,

PBS + 30 mM H,0,

PBS+40g/L BSA + 30mM H,0,"  PBS + 30 mM H,0,+40 g/L BSA”

NaCl 8.77 8.77 8.77 8.77
NayHPO4 1.28 1.28 1.28 1.28
KH,PO4 1.36 1.36 1.36 1.36
BSA - 40 40 -
H,0, - - 10 uM 30 mM
pH pH adjusted to 7.2-7.4 using 50% NaOH

8.77 8.77
1.28 1.28
1.36 1.36
40 40
30mM 30mM

2 in the case of the electrochemical measurements, the BSA and H,0, were added after 24 h and 48 h of the 1 week OCP measurements, respectively.
b in the case of the electrochemical measurements, the H,O, and BSA were added after 24 h and 48 h of the 1 week OCP measurements, respectively.

The aims of this study were to investigate the influence of galvanic
effects of silver of a surface modified Ti6Al4V alloy, and effects of al-
bumin and H>O, on both modified and non-modified surfaces in si-
mulated physiological solutions from a metal release and corrosion
perspective.

2. Materials and methods
2.1. Materials and treatment

Three different surfaces of the ASTM B348-10 Grade 5 titanium
alloy (6.1 wt% Al, 4.1 wt% V, 0.13 wt% Fe, 0.011 wt% C, 0.01 wt% N,
0.002 wt% H and 0.15 wt% O) were prepared and investigated; mirror-
polished (denoted MP), surface-treated for enhanced bone bonding
ability (denoted treated) and surface-treated including silver nano-
particles in a combined chemical step (denoted treated-Ag). All speci-
mens were exposed as disks (@ 10 mm; thickness 2 mm). Specimens of
MP were consecutively abraded using SiC grinding papers of different
grit size and finally polished to 1 um using diamond paste. The treated
and treated-Ag-surfaces were first ground using SiC grit 400 and rinsed
with acetone and ultrasonically cleaned with ultrapure water (re-
sistivity:18.2 MQcm) twice for 5 and 10 min, respectively, followed by
acid etching in diluted hydrofluoric acid (HF) at room temperature for
45 min, and a controlled oxidation process in HyO, for 1.5h (thermo-
static bath-Julabo SW23, 60 °C, 120 r.p.m) following a patented che-
mical treatment procedure [11]. The treated-Ag-specimens followed the
same diluted HF (45 min) and controlled oxidation process (H,0,) for
45 min, after which AgNO; (final concentration 0.001 M, PA-ACS-ISO
131459,1611, Panreac), gallic acid (GA, final concentration 0.1 g/L)
and polyvinyl alcohol (PVA, final concentration 0.01 g/L) were added
(in ultrapure water) to the H,0, and the process was continued for
45 min. The roles of the additives GA and PVA were to control the size
of silver nanoparticles and to confer their steric stability [12,13]. After
treatment or cleaning (for the MP specimens), the specimens were
placed in a laminar flux hood for drying.

2.2. Surface characterization

Surface morphology, surface composition and cross-sections were
investigated by means of scanning electron microscopy (SEM, PHILIPS
XL30ESEM) and energy dispersive X-ray spectroscopy (EDS, XMAX
Oxford instruments). Cross-sections were prepared by embedding the
specimens in epoxy resin that were ground perpendicular to the surface.
Ultrasonic cleaning was made in acetone followed by ethanol.

The surface roughness was measured by using a Stylus Profiler
(Bruker Dektak XT Precision) and reported as the arithmetic average
roughness, Ra, based on analysis of three lines, each 1 mm long, at three
different locations of each surface.

Colorimetric measurements were employed to determine changes in
surface appearance for the different surfaces using a Minolta CM600D
spectrophotometer (D65 light source at 10°) to generate data according
to the CIELab color reference space. A digital three-dimensional re-
presentation of the color space is described by the L*, a* and b* values

where L* represents Lightness, a* the red-green component and b* the
blue-yellow component from which a relative change in appearance can
be determined and expressed as AL*, Aa* and Ab* and whether the
change is perceptible or mnot is determined by AE*,,=
((AL*)? + (Aa*)? + (Ab*)®)/2, A AE*,;, value of 2.3 or higher describes a
noticeable change in visual appearance [14]. More details are given in
[15].

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a Kratos AXIS UltraDLD spectrometer (Kratos Analytical,
Manchester, UK) with a monochromatic Al K, x-ray source (150 W).
Instrumental details are given in [10]. Wide spectra and detailed
spectra (20 eV pass energy) were collected for Ti 2p, Al 2p, V 2p, Ag 3d,
O 1s, C 1s, N 1s and P 2p. All binding energies were corrected to the C
1s peak at 285.0 eV.

2.3. Simulated physiological fluids

All chemicals were of analytical grade (p.a.) or puriss. p.a. (H20o,
Sigma Aldrich, Sweden) and ultrapure water was used as solvent (18.2
MQcm). Bovine serum albumin (BSA, A7906) was purchased from
Sigma Aldrich, Sweden. Table 1 shows the composition and pH of the
simulated physiological fluids. The selection of solution compositions
was based on previous findings [10] and reflects physiologically re-
levant conditions for benign (PBS) to adverse (PBS+40g/L
BSA + 30 mM H,0,) exposure scenarios.

In the case of the electrochemical measurements, BSA and H,0,
were gradually added (every 24h until the intended solution con-
centration was reached) during the open circuit potential (OCP) mea-
surements, and in different order to investigate direct effects of BSA and
H,0, on the OCP.

2.4. Exposure without applied potential for metal release and particle
release studies

Prior to exposure, all vessels and equipment were acid-cleaned in
10 vol.% HNOj; for at least 24 h, rinsed four times with ultrapure water,
and dried in ambient laboratory air. The specimens, with their entire
surface areas exposed, were placed in 15mL polyethylene vessels
keeping the surface area to solution volume ratio constant at 1 cm?/mL.
One blank sample (without any specimen), three treated specimens,
and three treated-Ag specimens were exposed to PBS+40g/L
BSA +10pM H,0,, PBS + 30 mM H,0, and PBS + 40 g/L BSA + 30 mM
H,0, for 4h and 2 weeks. For comparison, one MP specimen was ex-
posed in parallel in each solution for 2 weeks. All exposures were
conducted at 37 = 0.5°C, in dark conditions employing bilinear
shaking conditions (12° inclination, 22 cycles/min). This exposure oc-
curred without applied potential, that is, at open-circuit potential.

After exposure, the specimens were removed from the solutions,
rinsed with 0.5 mL ultrapure water, dried with nitrogen gas, and stored
in a desiccator prior to surface analysis. The test solutions and the
rinsing water as this most probably contained precipitated metals and
proteins were combined for later metal release analysis. These solutions
were centrifuged in an Eppendorf MiniSpin microcentrifuge for 30 min



Y.S. Hedberg, et al.

at 13,400 r.p.m., which corresponds to 12,045r.c.f., separated into a
supernatant and a remaining solution, 0.75 mL and 1 mL, and stored at
—20 °C prior to digestion and analysis.

2.5. Electrochemical investigations

All electrochemical measurements were performed using a home-
made flat cell with the differently treated surfaces as working electrodes
(exposed area 0.502 cm?), an Ag/AgCl sat. KCl electrode as reference
electrode and a platinum mesh as counter electrode in 45 mL PBS (the
final volume after complete addition of BSA and H,0,). Several flat
cells were positioned in a water bath of 37 + 1°C. Up to four mea-
surements were run in parallel using a Multichannel Potentiostat
(PARSTAT MC).

First, OCP was measured for 1 week either in PBS, in PBS + 40 g/L
BSA (added after 24h), in PBS + 40g/L BSA (added after 24h)
+30mM H,0, (added after additional 24 h), or in PBS +30 mM H,0,
(added after 24 h) + 40 g/L BSA (added after additional 24 h). For two
of these solutions, PBS and PBS + 30 mM H,0,+40 g/L BSA, addi-
tional tests were conducted after the OCP measurement by means of
potentiodynamic polarization (PP). The current range was set to 2 lA,
since an automatic current range resulted in noisy data for low currents.

After completion of the electrochemical investigations, the speci-
mens were rinsed with 0.5 mL ultrapure water, dried with nitrogen gas
and stored in a desiccator prior to surface analysis. The test- and rinsing
solutions were stored at — 20 °C prior to digestion and solution analysis.

2.6. Digestion and trace metal analysis in solution

Since many of the solution samples contained high amounts of
proteins, the solutions were digested prior to trace metal analysis. This
process destroys all proteins and any solid silver species in solution [16]
and ensures hence accurate quantification. The solution samples that
had been incubated without any applied potential (both the super-
natant and the remaining solution) were digested for approximately 1 h
at 90 °C under ultraviolet irradiation (Metrohm 705 UV digester) by
adding 0.5mL 30 % H50,, 0.15mL 30 % HCI and =8 mL ultrapure
water to 0.75mL of the solution sample until the solution was trans-
parent and odorless. For the solution samples following the electro-
chemical measurements, unfrozen solutions were diluted by adding
5mL 65 % nitric acid (HNO3) and 3 mL ultrapure water to 2 mL of the
solution sample followed by digestion using a Milestone Ultraclave for
~30min at 180 °C until the solution was transparent and odorless.
After the digestion process, the final volumes of all solutions were
measured and the dilution factors, DF, were calculated (final volume
after digestion divided by the initial solution sample volume).

Released total concentrations of Ti, Al, V, and Ag in the digested
solutions were determined by means of graphite furnace atomic ab-
sorption spectroscopy (GF-AAS) using a Perkin Elmer AA800 analyst
instrument. Calibration standards were based on 1 % HNO; and 3-4
standard concentrations up to 45 pg/L (Ag), 80 ug/L (Ti), 100 pg/L (Al)
and 120 ug/L (V). Quality control samples of known concentrations
were measured every 5th sample to ensure conformity with the cali-
bration. Ultrapure water was analyzed every 2-3 samples to avoid
memory effects. Further details are given in [10].

Released and non-precipitated amounts of released metals Me,q
(ug/cm?) were calculated for each solution according to Eq. (1):

ug ) _ (Csample (%) — Chlank (H—f))*V (D)

Me, (—
T\ cm?

*DF

A(cm?) (@)
where cgqmpie Tepresents the measured sample concentration, Cpqnk the
corresponding blank concentration (amount of metal released into the
solution exposed without specimens), V the exposure volume (45 mL),
A the exposed surface area of the specimen (cm?) and DF the dilution
factor.
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2.7. Photon cross-correlation spectroscopy

Photon cross-correlation spectroscopy (PCCS, NanoPhox, Sympatec
GmbH, Germany) dynamic light scattering was used to investigate
particle/colloidal size distributions in the supernatant and in remaining
solutions after exposure without any applied potential. These solutions
were unfrozen a few hours prior to the measurement and were not
digested. Two replicate measurements of 120 s were performed on each
sample. Initial tests showed that filtering by means of a 0.2 ym mem-
brane (PTFE) lowered the particle/colloidal concentrations to un-
detectable levels, why most solutions were measured without filtration.
Filtration was done on some samples (in which some large particles
were present), which were measured before and after filtration. If the
correlation function was acceptable (good fitting and no positive values
at long lag times), a non-negative least square (NNLS) algorithm was
used by the instrument to determine the intensity size distribution.
Further details are given in [17].

2.8. Joint expert speciation system modelling

In order to assist in the interpretation of the metal release and
corrosion results, chemical speciation modelling was conducted using
the Joint Expert Speciation System (JESS, version 8.7, [18]) for Ti, Al, V
and Ag in PBS (input: 0.168 M Na™, 0.15M Cl~, 0.0189M P04,
0.0099M K*, 37 °C, pe 5, pH 7.3), in PBS of higher redox potential (pe
10) to simulate PBS with H,0,, and in PBS at varying redox potentials
(pe 5 and 10) and presence of amino acids as simulants for BSA. In
order to select relevant amino acids, the JESS database was first in-
spected for available reactions between the metals of interest and dif-
ferent amino acids. In total, 75, 0, 5 and 85 reactions existed in the
database for amino acids and Al, Ti, V and Ag, respectively. Since the
database included reactions between V and glutamic acid and glycine,
but no other amino acids, these acids were used as input settings with
molar concentrations (0.0349 M glutamic acid, 0.0102 M glycine) that
correspond to their respective concentration in 40 g/L BSA. Since more
data was available in the database for Ag and Al, the input settings
consist of the predominant amino acids with available reactions,
Table 2. Some amino acids were excluded due to absence of reactions
(alanine for Al) and errors in the numerical calculations.

2.9. Statistics

A student’s t-test of unpaired data with unequal variance
(KaleidaGraph, version 4.0, Synergy software) was used to test the
statistical significance of differences between data sets of independent
samples.

Table 2
Input concentrations of amino acids for chemical speciation modelling of Ag
and Al in PBS containing 40 g/L BSA at different redox potentials.

Amino acid Concentration (M) for Al Concentration (M) for Ag
modelling modelling

Alanine - 0.0289

Arginine - 0.0157

Aspartic acid 0.0247

Cysteine 0.0211

Glutamic acid 0.0349

Glycine 0.0102

Histidine 0.00963

Leucine 0.0391

Lysine 0.0361

Serine 0.0193

Methionine - 0.00301
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Table 3

Arithmetic surface roughness Ra (um) findings of unexposed and exposed sur-
faces of mirror-polished, treated and treated-Ag surfaces (mean and standard
deviation). Exposure - one week at 37 °C to PBS, PBS+40 g/L BSA, PBS+40 g/L
BSA +30mM H»O, and PBS +30mM H,0, + 40g/L BSA, including po-
tentiodynamic polarization.

Exposure conditions MP reference Treated Treated-Ag

Unexposed 0.05 = 0.01 0.24 * 0.01 0.26 * 0.04
PBS N/A 0.23 * 0.01 0.29 + 0.04
PBS + BSA N/A 0.25 = 0.01 0.31 = 0.04
PBS + BSA+H30, N/A 0.29 = 0.01 0.29 *= 0.02
PBS+H,0,+BSA 0.055 * 0.008 0.29 * 0.01 0.29 * 0.04

N/A - not analyzed.
3. Results and discussion
3.1. Porosity, surface roughness, oxide thickness, and visual appearance

The chemical surface treatments of Ti6Al4V resulted in considerably
different visual appearances (AE > > 2.3) compared with the MP
surfaces. The treated surfaces gained a reddish-bluish surface appear-
ance (AE = 25 ys. MP) and the treated-Ag surfaces a yellowish ap-
pearance (16 < AE < 30 vs. MP), see Fig. S1 (supplementary in-
formation). The MP surfaces did not show any significant change in
appearance (AE < 2.3) after exposure in PBS, but small though sig-
nificant (3 < AE < 7) differences after exposure into the more com-
plex physiological environments. Pronounced differences in appearance
after exposure were also evident for the treated surfaces compared with
their corresponding unexposed surfaces, even though large variations
were observed between surfaces of different batches (8 < AE < 18).
No measurements were made on the exposed treated-Ag surfaces due to
large variations in surface appearance for the unexposed surfaces.

The surfaces of the treated and treated-Ag Ti6Al4V alloy were sig-
nificantly (p < 0.001) rougher compared to the MP reference, Table 3,
whereas the difference between the treated and treated-Ag surfaces was
small. SEM investigations of cross-sections revealed a slightly thicker
surface oxide for the exposed treated and treated-Ag specimens as
compared to the exposed MP reference, Fig. S2 (supplementary in-
formation). Exposure to PBS + 40 g/L BSA + 30 mM H,O, resulted in a
slightly thicker surface oxide as compared with exposure to PBS.

From the SEM investigation it is evident that the surface roughness
of the treated surfaces derives from a porous structure with pores sized
~1um, Fig. 1, as well as nano-sized features within the pores, as illu-
strated in the insets of Fig. 1d—e. Ag was non-homogenously distributed
on the surface of the treated-Ag alloy showing pm-sized aggregates of
Ag nanoparticles (confirmed by EDS spot analysis), Fig. 1. Based on the
SEM investigation, no consistent results were possible to obtain on their
stability in the exposed solutions as some exposed surfaces showed the
absence of these Ag aggregates and others their presence, Fig. S3
(supplementary information).

3.2. OCP changes as a function of solution and time

Fig. 2 shows representative OCP curves of the MP and treated-Ag
surfaces exposed to the different solutions. The MP reference (non-
freshly polished) revealed an initial OCP of between —300 and
—100mV (vs. Ag/AgCl sat. KCl) in PBS (37 °C), Fig. 2. These potentials
are in accordance with previous findings for Ti6Al4V alloys at similar
conditions [6-8]. An initially more positive OCP (50 —200mV) was
observed for the treated-Ag surfaces, most probably due to their thicker
oxide, Fig. 2. The OCP increased with time in PBS for all surfaces of
Ti6Al4V during the first day of exposure. The H,O, addition after one
or two days of exposure substantially increased the OCP for all surfaces.
In contrast, the BSA addition into PBS decreased the OCP when added
after one day. However, this decrease was negligible after two days of
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exposure in both PBS and PBS with the previous addition of H,0s,
Fig. 2. An increased OCP due to the addition of H,O, and a decreased
OCP connected to the addition of BSA are consistent with previous
findings [7,8,10]. The increased OCP has been explained by the oxi-
dative action of H,O5 [19,20], and the initially decreased OCP by the
adsorption of BSA has been linked to its blocking of cathodic sites
[7,8,10,21]. This does however not mean that BSA inhibits corrosion or
metal release after longer time periods [7,9].

3.3. Corrosion investigations by means of potentiodynamic polarization

Fig. 3 shows representative curves of changes in current density
with applied potential after one week of preceding exposure to PBS
(Fig. 3a) and PBS + 30 mM H,0, + 40 g/L BSA (Fig. 3b). The corrosion
potential was, like the OCP shown in Fig. 2, for the same reasons more
positive in PBS containing H,O, and for the treated surfaces compared
to the MP reference. This increase was statistically significant in all
cases except one (treated-Ag in PBS +30mM H,O0, + 40g/L BSA
compared with PBS), see Table S2, supplementary information. It is
clear from Figs. 3 and S4 (supplementary information) that the passive
range was for all specimens smaller in the more corrosive solution PBS
+30mM H,0, + 40 g/L BSA compared with PBS. Further, there were a
statistically lower corrosion potential and OCP value for the treated-Ag
specimen compared to the treated specimen in the most corrosive so-
lution PBS +30mM H,0-, + 40 g/L BSA. The passive current density
was to a relatively small extent affected by the treatment and synthetic
solution for the treated and non-treated surfaces without Ag. The
treated-Ag surfaces showed slightly higher passive current densities
(440 - 680 nA/cm?) in the most corrosive solution (Table S1) compared
to PBS (150nA/cm?) and compared with observations for the other
surfaces (83 —400 nA/cm?), however, this difference was not statisti-
cally significant. Despite the substantially larger surface area due to the
porous structure of the treated specimens, their passive current den-
sities were not significantly larger as compared to the MP specimen.
Previous studies of Ti6Al4V coupled with and without Ag report a
corrosion current density of 9nA/cm? for the non-coupled alloy, and
current density of 24 nA/cm? for the coupled alloy after 10 days in 0.9
% NaCl [6]. It seems that the porous TiO,-rich surface treatment to
some extent can hinder galvanic effects induced by the Ag coupling in
PBS. Whether this protective effect of the surface treatment is also
functional under more corrosive conditions, such as in PBS + 30 mM
H>0, + 40 g/L BSA, needs to be investigated in future studies.

3.4. Metal release of metal species and particles without applied potential

The relative composition of metals (oxidized and metallic) in the
outermost surface (top 5— 10 nm) measured by means of XPS is shown
in Fig. 4. A significantly higher fraction of carbon (C2: 286.3 + 0.2eV
related to peptidic residues, C—O and C—N bonds, and C3:
288.2 + 0.1eV related to N—C=O bonds [22]) and nitrogen
(400.1 = 0.1 eV) was observed for surfaces exposed to PBS containing
40 g/L BSA compared with corresponding unexposed surfaces and
surfaces exposed to PBS +30mM H,0, (p < 0.0001). The observed
atomic ratio of N/(C2 + C3), which theoretically equals to 0.48 for BSA
[23], was 0.41 * 0.11 on surfaces exposed to BSA and significantly
(p < 0.0001) higher compared to corresponding exposures without
BSA (0.20 * 0.08). This indicates the presence of adsorbed BSA that
was not possible to remove by the rinsing procedure. Ag (3ds,.:
368.1 = 0.2eV) was only detected in its metallic form and only for the
treated-Ag surfaces, Fig. 4. Seemingly lower and varying concentrations
of Ag for the exposed surfaces (c.f. Fig. 1) compared with the non-ex-
posed surfaces were related to its heterogeneous surface distribution.
Except for the MP surfaces exposed for 4h in PBS + 10 uyM H,0, +
40 g/L BSA, for which Ti was observed in its metallic state (2ps3»:
454.1 = 0.9eV), Fig. 4, all other surfaces revealed Ti in its oxidized
state (2ps,o: 458.6 + 0.3eV) related to Ti(IV) [24]. When observed
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10 ym 10 pm

20 pm

Fig. 1. SEM backscatter images of the MP reference (a), the treated- (b, d) and the treated-Ag surfaces of Ti6Al4V (c, e, f) at different magnifications. Insets in (d, e) at

higher magnification.

(for both unexposed and exposed surfaces), Al was present in its oxi-
dized form as AI(IIT) [25] (2p: 74.6 = 0.3 eV). V was only detected on
the unexposed non-treated MP surface and was present as V(IV) [24]
(2p3,2: 516.4 = 0.3 eV). In agreement with previous findings [10], the
relative composition of oxidized metals within the outermost surface
oxide (top 5—10nm) of the unexposed MP reference surface was
88.4 wt% Ti, 7.1 wt% Al and 4.5 wt% V, i.e. not very different from the
bulk composition of Ti6Al4V. Oxidized V was not detected in any of the
exposed (or unexposed treated) surfaces, an observation that was con-
sidered to be related to its high solubility in given solutions as in
agreement with previous observations [10]. An evident difference was
observed in the relative Al content of the outermost surface oxide for
the Ti6Al4V surfaces exposed to non-protein conditions compared with
solutions containing BSA, Fig. 4. No or considerably lower relative
contents of oxidized Al in the surface oxides were observed for any
Ti6Al4V surface or exposure time period when exposed in PBS con-
taining 40 g/L. BSA compared to exposures in PBS +30mM H,0,
without any BSA, Fig. 4. In the protein-free solution, the relative Al

200 2
&5 J BSA 3
S X 400 | \// 1=
T
aQ 0O0r \- 1a
3< s 3
£ 2100 -/‘q | 1£
& ] <
o > T\/\ )
S > 200} 12
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content clearly increased after 2 weeks of exposure compared to the
unexposed both non-treated and treated Ti6Al4V surfaces. This ob-
servation supports our previous hypothesis [10] that Al becomes en-
riched in the surface oxide of Ti6Al4V upon exposure in PBS in the
presence of H,O, and absence of BSA due to the formation of a slightly
soluble TIOOH-complex [26,27], but depleted in the presence of BSA
due to complexation-induced Al dissolution of the surface oxide [28].
This effect (bonding of BSA to Al in the surface oxide) has previously
been suggested to be of relatively higher importance in the presence of
H,0- due to the formation of a more defect-rich surface oxide [10].
Total amounts of released Ti, Al, V and Ag from the MP, treated and
treated-Ag surfaces of Ti6Al4V were analyzed after 4 h and 2 weeks of
incubation in PBS at 37 °C with BSA (40 g/L) and varying H>O, content
(10 uM or 30 mM), and in PBS with H,0, (30 mM) without BSA. Since
there were small differences in metal concentrations in the centrifuged
supernatant and the remaining solutions, the total amount of released
metals was normalized to the geometric surface area, see Fig. 5. In
accordance with the XPS investigations, Ti was the predominant metal

O ]
X
© i
(2]
8} ]
()}
<
S 4
<
» 100?'- E
> [
> 50t 4
E

0 1 1 1

0 50 100 150 200

Time (h)

Fig. 2. Representative OCP curves with time (up to one week) for MP (a) and treated-Ag Ti6Al4V (b) exposed in PBS at 37 °C for one day, followed by the addition of
40 g/L BSA or 30 mM H,0, (as indicated in the same color of the curve) after one and/or two days.
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Fig. 3. Representative current density — potential curves for the MP reference, the treated and treated-Ag surfaces of Ti6Al4V in PBS (a) and in PBS + 30 mM H,0, +
40 g/L BSA (b) after one week of exposure at 37 °C. For information on variability between replicate measurements, see Fig. S4, supplementary information.

released from the non-treated (MP) and both treated surfaces. Both Ti
and Ag were predominantly released from the treated-Ag specimen. The
metal release process was both time- and solution dependent, Fig. 5. In
accordance with the XPS interpretation of Al depletion from the surface
oxide in BSA-rich solutions, substantially more Al was released for all
surfaces after 2 weeks of exposure in PBS +30 mM H,0, + 40 g/L BSA
compared to their performance in PBS +30 mM H,0,. V was released
to a higher extent from the MP surface compared to the treated and
treated-Ag surfaces, Fig. 5. This is most probably related to a depletion
of V from the surface during the surface modification treatment, as
indicated by the absence of V in the surface oxide of unexposed treated
and treated-Ag specimens (Fig. 4). Ag was only released from the
treated-Ag specimen and to a considerably higher extent in the presence
of BSA. This suggests a complexation-induced dissolution mechanism,
further discussed Section 3.5. It should be noted that the released
amounts of metals presented in Fig. 5 are normalized to the geometric
surface area and not to the effective surface area (which increases with
increased surface roughness). Considering the large difference in sur-
face roughness and presence of pores between the MP reference and the

two treated surfaces (c.f. Section 3.1.), it is evident that the increased
surface area induced by the treatment to gain an enhanced bone
bonding ability did not result in an increased extent of released metals
under the given conditions of this study. This is most probably related
to a passivation effect of the treatment.

Dynamic light scattering using PCCS revealed no detectable parti-
cles/colloids for solutions without BSA (such as PBS), whereas solutions
containing BSA contained colloids sized between 7.6 and 13 nm, in-
dicative of BSA [17,29]. This was observed both for blank solutions (no
Ti6Al4V surfaces) and for solutions with exposure to the Ti6Al4V spe-
cimens. No significant trend was observed regarding the average col-
loidal size for the supernatants (centrifuged) and non-supernatant so-
lutions, or for the solutions containing varying amounts of H,0,
(PBS + 10 uM H,0, + 40g/L BSA and PBS +30mM H,0, + 40g/L
BSA) after 4 h and 2 weeks of exposure to the different surfaces. Higher
count rates (96 * 21 kcounts/s after 2 weeks) were observed for so-
lutions that had been in contact with the treated-Ag surfaces compared
with blank solutions (no treated-Ag surfaces) or solutions from ex-
posures with the treated surfaces after the same time periods (49 = 33
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Fig. 4. Relative (Wt%) metal composition of Ti, Al, V and Ag in the outermost surface (5-10 nm) of unexposed (0 h) or exposed surfaces of Ti6Al4V (MP, treated and
treated-Ag). The data reflects mean values (n = 4) of duplicate measurements (two separate areas sized ~0.4 mm? on each surface) for two independent specimens
of each surface (one specimen for MP). N/T - not analyzed/tested; ox - oxidized. Ti(0) and Ag(0) denote their metallic states.
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Fig. 5. Released and non-precipitated amounts of Ti (a), Al (b), V (c) and Ag (d) from MP, treated and treated-Ag surfaces of Ti6Al4V incubated for 4 h and 2 weeks in
PBS (pH 7.3, 37 °C) containing varying amounts of H,O, and BSA without applied potential (at OCP). The error bars show the standard deviation of triplicate surfaces
(treated, treated-Ag), and of six solution sample readings for one specimen (MP). Blank (background) concentrations are subtracted. Note the different y-axis scales.

kcounts/s) (p < 0.0005). This indicates the possible presence of some 3.5. Metal release after polarization and chemical speciation modelling
Ag colloidal particles and/or protein agglomeration (caused by released
Ag ions/nanoparticles from the treated-Ag surfaces). The chemical speciation modelling, Table 4, predicted Ti to be

sparingly soluble (16 % of 10 uM) in PBS with and without H,0,,
Table 4. No predictions of the speciation of Ti in the presence of BSA

Table 4
Predominant species in solution of released metals and solution ligands according to chemical speciation modelling for a concentration of 10 uM metal (Ti, Al, V or
Ag) in PBS (37 °C, pH 7.3) with and without H>O, and BSA (simulated by amino acids). s - solid; aq — aqueous. N/R - no reactions available in the database.

Input values simulating Ti Al \4 Ag
PBS 84% TiO, (s), 8-Al,03 (s) H3VO0, (s) 72% AgCl,™ (aq),
16% TiOCl,%~ (aq) 19% AgCls* (aq),

7% AgCl (aq),
1% AgClL*~ (aq),
1% Ag (aq)

PBS + 30 mM H,0, 73% AgCl,~ (aq),
19% AgCl3%~ (aq),
7% AgCl (aq),
1% AgCl,®~ (aq)

PBS + 40 g/L BSA N/R AlC6H;oN»0,S;~ (aq) 89% HsVOy, (s), 11% AgC3HsNO,S ™ (aq)
PBS +30 mM VO,H,NCH,CO, ™~ (aq)
H,0, + 40 g/L BSA
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Fig. 6. Non-precipitated amounts of Ti, Al, V, and Ag released from the MP
surface (one specimen), treated (two specimens) and treated-Ag surfaces (three
specimens) in PBS solutions (37 °C) of different BSA and H,O, concentrations
(added in sequence, c.f. Fig. 2 and Table 1) after one week at OCP and sub-
sequent potentiodynamic polarization to +1V vs. OCP. Blank concentrations
are subtracted.

were possible due to the lack of reactions between Ti and amino acids in
the database. Al was predicted insoluble in solutions without BSA, but
soluble in solutions containing amino acids (at concentrations corre-
sponding to 40 g/L BSA) related to the formation of a cysteine complex.
V was predicted sparingly soluble only in solutions with BSA (11 % of
10 uM), forming a complex with glycine. Ag was foreseen to be soluble
in all solutions forming complexes with chlorides in solutions without
BSA and complexes with cysteine in solutions with BSA.

Solution concentrations of all released metals in solution were in
addition determined after potentiodynamic polarization (after one-
week preceding OCP conditions) of the Ti6Al4V surfaces, Fig. 6. The
polarization step is expected to result in drastically increased metal ion
concentrations in solution compared to OCP conditions (Fig. 5). How-
ever, this was not the case for either Ti or V that showed comparable
results with findings at OCP conditions (c.f. Figs. 5 and 6). This suggests
that their released concentrations were governed by solubility con-
straints (precipitation) and therefore most probably underestimated (at
least for the polarized surfaces). Released amounts of Ti after polar-
ization were consistently lower for all treated and treated-Ag surfaces
and solutions compared to the MP reference surface, findings which
further indicate a passivation effect of the surface modification treat-
ment. Similar to findings for released Ti and V, comparable (only
slightly higher) concentrations of released Ag were observed from the
polarized surfaces compared to findings at OCP-conditions. Slightly
more Ag was further released under conditions including BSA
(p = 0.05), which suggests that bonding between Ag and BSA plays a
role for the metal release process. Enhanced release of Ag from Ag
metal surfaces due to surface complexation and enhanced exchange
rates of surface complexes with BSA molecules in solution have pre-
viously been reported [30]. In this study, the extent of Ag release was
though limited by the low amount of surface-accessible Ag nano-
particles/aggregates, see Fig. 1. Released amounts of Al were negligible
for the polarized reference surfaces (MP) in PBS, but considerably
higher for the differently treated surfaces in all solutions and MP in
other solutions compared to their corresponding behavior at OCP-

Corrosion Science 168 (2020) 108566

conditions. The release of Al was further higher for the treated and
treated-Ag surfaces compared to the MP reference at all conditions
(p < 0.01). In all, the results suggest that polarization enhances the
combined BSA- and H,0,-induced Al release process, and that the
surface modification treatment made to gain an enhanced bone bonding
ability results in increased levels of Al release upon oxidation (anodic
polarization). The latter is unexpected in PBS without BSA (Table 4)
from a chemical speciation modelling perspective and may probably be
related to kinetic effects (slow formation and precipitation of Al,O3).

3.6. Further discussion

Findings of this study support an earlier proposed mechanism of the
combined action of H,O, and BSA on metal release and corrosion of
Ti6Al4V alloys [7,8,10]. It further shows the mechanism to be valid also
for relatively thick and more passive surface oxides (in this case opti-
mized to gain an enhanced bone bonding ability) compared to the na-
tive oxide of a non-treated alloy. Even though these thick surface oxides
predominantly were composed of oxidized titanium (Ti(IV) - TiO,), the
enrichment of Al in the outermost surface was observed when exposed
to H,0,-rich conditions, and a depletion of Al occurred under condi-
tions containing BSA. Only when both BSA and H,O, were present at
concentrations of relevance for inflammatory conditions and infections
[10,31], considerably enhanced effects were observed from both a
corrosion and metal release perspective. It has recently been discussed
[9,10,32,33] that the test conditions of the most corrosive solution of
this study could be used to realistically simulate severe human body
conditions of biomedical alloys since obtained results both resemble the
metal release pattern observed in-vivo [34,35] and in other corrosive
simulated physiological fluids such as PBS with 1% lactic acid, 1.2 % t-
Cysteine, and 0.01 % HCI after one week of exposure [36].

As suggested earlier [10], the results of this study show an evident
risk of underestimating the extent of released Ti (and in some cases also
of Al and V) under given or similar test conditions due to precipitation
effects of released metals. Such effects were in this study both eluci-
dated by the results of the chemical speciation modelling and seemingly
underestimated levels of released amount of Ti determined in solution
after potentiodynamic polarization.

It should be noted that measured amounts of released Ti, Al and V in
this study were relatively low and that all exposures were performed at
passive and aged conditions (1-3 months since the reference surfaces of
MP were polished at the same occasion as the treated specimens were
prepared). Observed amounts of released metals from the MP specimen
were hence lower than reported in a recent study [10] performed under
similar conditions on more freshly polished (one day aged) surfaces.
The results indicate improved passive properties of the native oxide
with time in air.

Compared with the release of Ti, Al and V, the release of Ag was
strongly dependent on the presence of BSA and less dependent on the
presence of HyO,. The chemical speciation modelling suggested BSA-
induced Ag release due to bonding of Ag to cysteine-rich binding sites of
BSA. Enhanced dissolution of Ag from Ag metal has previously been
reported in the presence of BSA proposing a surface complexation
mechanism [30]. Silver nanoparticles have also previously been re-
ported to spontaneously bind to BSA at a single binding site [37]. In this
study, the PCCS results indicate larger colloids in solutions containing
BSA in contact with the treated-Ag specimen compared to BSA solutions
in contact with the treated (no Ag) and blank (no specimens) solutions.
These colloids could either be Ag nanoparticles and/or protein ag-
gregates induced by binding to silver nanoparticles or ions. The Ag™
ion has been reported to bind strongly at one binding site to BSA and
weakly (at high Ag™ concentrations) to an additional site primarily via
van der Waals interactions at low Ag"* to BSA ratios and via electro-
static interactions for high ratios [38]. It was in this study not possible
to determine whether released Ag was present as ions or as nano-
particles in solution, however, the BSA-induced increase of Ag release
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indicates at least some bonding to BSA. The release of Ag was in this
study initially relatively rapid and increased after 4 h only slightly up to
2 weeks of exposure.

Galvanic effects of the coupled system Ag — Ti6Al4V might theore-
tically cause an increased extent of corrosion and metal release. Such
effects have been reported for a potentiodynamically polarized Ag/
Ti6Al4V system in 0.9 % saline [6], though Ag was coated on the
Ti6Al4V surface without any oxide thickening procedure (commonly
used to optimize the bone bonding ability). The thick surface oxide of
the treated-Ag surfaces in this study might explain why galvanic effects
induced by Ag were minor. Some indications were observed that gal-
vanic effects took place in the most corrosive solution, but this could
not be concluded with certainty and requires further studies. No in-
creased extents of released Ti, Al or V were observed at OCP of the
treated-Ag surfaces compared with the Ag-free treated surfaces. Ob-
served passive current density values of this study were higher com-
pared to the study on Ag-coated Ti6Al4V in 0.9 % saline [6]. This is
most probably related to a larger (porous) effective surface area and
more corrosive solutions. The results indicate that galvanic effects
could play a role at corrosive conditions, aspects that need further
studies and should be considered in the development and optimization
of antimicrobial biomedical Ti6Al4V alloys.

One of the strengths of this study is that it investigated relevant
implant materials in relevant simulated physiological environments.
However, the heterogeneity of Ag nanoparticles on the treated-Ag
specimens, the high protein concentrations, the concomitant chemical
and electrochemical reactions, and the solution composition resulting
in precipitation of some metal species may result in larger data varia-
bility and less mechanistically detailed conclusions than would be
possible for a more simplified system.

4. Conclusions

The aims of this investigation were to study possible galvanic effects
induced by the presence of Ag and effects of BSA and H,O, on chemi-
cally treated Ti6Al4V surfaces (modified to gain an enhanced bone
bonding ability, with and without antimicrobial Ag) in simulated
physiological solutions from a combined metal release and corrosion
perspective. The following main conclusions were drawn:

1 Despite the larger surface area of the chemically treated surfaces of
higher surface roughness and the presence of pores compared to the
non-treated reference surface (MP), measured passive current den-
sities and amounts of released metals were similar.

2 For all surfaces of the Ti6Al4V alloy, increased levels of metal re-
lease and corrosion were observed in the presence of both H,O, and
BSA. H,0, caused Al to be enriched in the outermost surface oxide,
and BSA depleted Al due to Al-BSA complexation reactions at the
surface and in solution.

3 Released amounts of Ag were enhanced in all solutions containing
BSA compared to BSA-free solutions.

4 The chemical speciation modelling results and the metal release
findings after potentiodynamic polarization of the non-treated and
treated surfaces highlight that precipitation of released Ti, Al and V
species take place in solutions without BSA and of released Ti in
solutions with BSA. These limitations in solubility make the system
sensitive to experimental settings such as surface area to solution
volume ratio and sampling time periods, which are aspects that need
to be considered when designing simulated physiological test con-
ditions for alloys such as Ti6Al4V.

5 The electrochemical measurements gave some indications on a
larger decrease in corrosion resistance for the treated-Ag surface as
compared to the Ag-free treated and non-treated specimens in the
most corrosive solution (PBS +30 mM H,0, + 40 g/L BSA, 37 °C),
although the differences were small or non-significant. The Ag-
treated alloy showed a lower corrosion potential as compared to the
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treated alloy in the most corrosive solution after one week of ex-
posure. Further studies are required to assess any galvanic effects of
Ag nanoparticles for the titanium alloy in corrosive environments of
relevance for inflammatory conditions.
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