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The biomedical titanium alloy Ti6Al4V has excellent corrosion resistance and biocompatibility and is, therefore,
widely used in orthopedic and orthodontic implants. Biomedical implants are increasingly fabricated by additive
manufacturing, such as laser powder bed fusion (LPBF). These manufacturing protocols often include sand-
blasting, surface finish, and passivation. This study aims to investigate the effect of different surface finishes and
the commonly used ASTM F86-13 nitric acid passivation for LPBF Ti6Al4V on its corrosion resistance, metal

release, and surface changes in benign (bovine serum albumin in a pH 7.4 buffer) and harsh (hydrochloric acid at
pH 1.5) solutions using various electrochemical and spectroscopic techniques. Electrochemical, solution and
surface analysis showed an insignificant effect of passivation. Smooth surfaces exhibited a slightly better
corrosion resistance than rough surfaces due to a 10-20 % smaller true surface area and lower protein
adsorption. Implanted ceramic beads from the sandblasting procedure remained on the surface even after the
mirror-polishing and passivation procedures.

1. Introduction

Strong corrosion resistance, suitable mechanical properties, and
biocompatibility are paramount features of titanium and its alloys [1-3].
Commercially pure titanium (CP-Ti) and Ti6Al4V (6 wt. % Al and 4 wt.
% V), are suitable for dental implants and total joint replacements,
including hip and knee. Due to their relatively low wear resistance, they
are typically not employed for articulating surfaces subject to wear [4].

Nonetheless, the biocompatibility of titanium implants is not fully
guaranteed since released metallic ions or particles could result in un-
desirable consequences such as inflammatory reactions, hypersensitiv-
ity, and adverse health tissue reactions under physiological
circumstances [5-7]. Released metals in the form of either particles,
metal ions, or metal complexes with organic species could induce
various side effects from local toxicity (metallosis) to systemic toxicity
[8]. Those and other clinical effects were reported to be associated with

released Ti [9], Al [10], and V [11].

Chemical surface treatments (such as immersion in acidic solutions)
are employed to improve the corrosion properties of Ti alloys. The
natural thickness of spontaneously formed oxide can be increased, and
defect densities decreased, through immersion in different acidic solu-
tions, providing improved biocompatibility [12-14]. This procedure is
called passivation since it reduces active corrosion and increases the
alloy’s passivity, the state of negligible corrosion due to a protective
surface oxide. Nitric acid is one of the conventional and standardized
passivation procedures that has been widely used in implant industries
based on ASTM F86-13. It was previously reported that passivation with
nitric acid improved the tribocorrosion behavior of Ti6Al4V [15].
However, Ti6Al4V also naturally passivates in physiological environ-
ments and air [16], and it is hence unclear whether passivation is a
necessary treatment for biomedical AM Ti6Al4V parts from a corrosion
perspective.
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Moreover, the fabrication process of implants can influence both the
mechanical and corrosion performance. Biomedical implants are
increasingly fabricated by additive manufacturing (AM) processes [3].
For instance, the laser powder bed fusion (LPBF) technique is utilized to
construct intricate and complex structures with utmost precision that
can even resemble bone structures [17]. This strategy has facilitated the
fabrication of patient-customized implants [18] and maximized the
mechanical properties of implants in an unprecedented way [19]. In
both conventional and AM approaches, there is an attempt to increase
bone osteointegration by altering surface roughness [20,21].

The corrosion of metallic implant materials in a biological environ-
ment is impacted by a wide range of physiological processes, such as
implant-protein interactions [22], inflammatory reactions [23], and
biofilm formation [24]. Proteins may interact with metal ions and metal
oxides in different ways throughout the implant’s service life, for
example with the surface oxide that governs the corrosion properties of
implants [25]. Albumin, which is one of the most prevalent proteins
found in extracellular tissue fluid, influences the electrochemical
behavior of metallic implant materials [26-28].

The design of implants may trigger crevice and pitting corrosion
inside confined locations. Modular tapered junctions are known loca-
tions for facilitated localized corrosion as they provide restricted areas
for electrolyte access [29]. Accumulation of protons inside crevices due
to hydrolysis of metal cations generates an acidic condition which at-
tracts negatively charged chlorides and finally disrupts surface oxide
stability [16].

This study aims to understand whether surface passivation on
smooth and rough surface conditions after LPBF of Ti-6Al-V has any
effect on corrosion and metal release under benign physiological con-
ditions in the presence of bovine serum albumin and under harsh con-
ditions simulating crevice circumstances in the presence of HCL

2. Materials and methods
2.1. Ti sample preparation

Inert gas-atomized powder (chemical composition in Table 1) from
Renishaw, UK, with a mean particle size of approximately 15-45 pm was
used to manufacture square specimens (1.5 x 1.5 x 0.1 cm) of titanium -
6 wt. % aluminum - 4 wt. % vanadium (Ti6Al4V) by Renishaw AM400
Selective Laser Melting System (ADEISS, London, Canada). Post-heat
treatment after fabrication was conducted through 5 steps as follows:
1) 60 min gradual heating to 450 °C, 2) 45 min keeping at 450 °C, 3) 45
min reheating to 750 °C, 4) 60 min keeping at 750 °C, and finally 5)
cooling down to room temperature inside the furnace. After heat treat-
ment, the sample surfaces were sandblasted by ceramic beads (con-
taining 63-125 pm zirconia, silica at 28-33 wt % and less than 10 wt %
alumina).

Half of these specimens received a mirror-smooth surface finish
(denoted ‘smooth’), and the rest were grit blasted through sandblasting
(denoted ‘rough’, close to natural AM) for preferential bone ingrowth.
For each of these groups, half of them were passivated by a 30 min
immersion in 30 % nitric acid at room temperature, according to rec-
ommendations of ASTM F86-13. Then, samples were cleaned through 5
min sonication in acetone, 5 min sonication in ethanol followed by ni-
trogen gas drying. The specimens were then investigated with their as-
received surfaces. Acronyms of R, RP, S, and SP were used for rough,
rough passivated, smooth, and smooth passivated, respectively.
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2.2. Solutions and immersion tests

For the immersion (metal release) tests, any non-finished surface was
sealed with a metal-free, clear nail polish (acrylate), and the solution-
exposed surface area was measured (1 cm?). Exposures were conduct-
ed in 5 g/L NaCl (Fisher), 5 mM 2-(N-morpholino) ethanesulfonic acid
(MES, Sigma Aldrich) buffer at pH 7.4, and 10 g/L bovine serum albu-
min (BSA, Sigma Aldrich) for 24 h, one week, and four weeks at 25 °C.
The specimens were placed in the incubator with gentle bilinear shaking
(12°, 22 cycles/min) in darkness to investigate the slower protein-
surface interactions. Also, diluted hydrochloric acid (0.027 M HCl 37
%, pH 1.5) was made from HCl 37 %, Sigma Aldrich. Then, specimens
were immersed in the HCI solution and placed in the incubator (same
conditions as the BSA solution) for 24 h at 25 °C.

Analysis of metal release in solution was conducted in triplicate with
a corresponding background control (blank) for each condition,
providing three metal specimens and four solution samples for each time
point and surface condition. After exposure, the specimens were sepa-
rated from the solution, rinsed with 1 mL ultrapure water, which was
added to the solution to be analyzed to account for metal-rich protein
precipitates, dried, and stored in a desiccator before surface analysis.
The solution was then frozen (in the case of BSA-containing solution)
prior to solution digestion and solution analysis. The HCI solution did
not require digestion or acidification.

2.3. Electrochemical measurements

The corrosion behavior of different surface conditions was tested in
the BSA-containing solution. The Ti6Al4V specimens, a platinum wire,
and an Ag/AgCl (saturated KCl) were placed in an electrochemical flat
cell as working, counter, and reference electrode, respectively, and
connected to Solartron Analytical ModuLab potentiostat. The flat cells
were chosen to avoid additional surface preparation and ensure that the
surface state was in its as-received form. Open-circuit potential (OCP)
measurements versus time were performed for the first 30 min of im-
mersion. After 24 h exposure to the solution, electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PDP) were car-
ried out to investigate the integrity of the surface film and protein
adsorption. EIS measurements were conducted at OCP and in the 10
kHz-10 mHz frequency range by applying a sinusoidal wave with 10
mV;ns amplitude. PDP tests were conducted from —250 to 1500 mV vs.
open circuit potential at 1 mV/s scan rate. All measurements were
performed at 25 °C. Zview version 3.5 h software was used to fit the EIS
data.

2.4. Surface characterization

2.4.1. Laser scanning confocal microscopy

The surface morphology was measured to estimate the roughness of
samples. A laser scanning confocal microscope (ZEISS LSM 800, Carl
Zeiss Microscopy GmbH) was employed. The microscope recorded the
intensities of a reflected laser beam over a rastered area (983 um x 983
um) at 512 x 512 pixels over each optical sectioning of 2 um in a total
sample height range of 180 um. A 5x lens was used, and the pinhole size
was 34 um. The laser intensity data was converted to surface
morphology by finding the height over the optical sectioning, at each
pixel over the rastered area, that had the maximum laser intensity. This
was done using the instrument-associated software Mountains Con-
foMap (version 7.4.8341), and the roughness was calculated according

Table 1

Chemical composition of Ti6A14V alloy powder provided by the supplier. Bal. — balance.
Element Al v Fe o C N H Y Ti
wt. % 6.33 3.90 0.21 0.11 0.01 0.01 0.002 0.0201 Bal.
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to the ISO 25,178-2:2012 standard.

2.4.2. Scanning electron microscopy (SEM)

Hitachi SU3900 large chamber variable pressure scanning electron
microscopy (SEM) combined with an Oxford ULTIM MAX 65 SDD X-ray
analyzer was used for surface and elemental distribution analysis of
specimens after electrochemical measurements. A 15 kV electron
accelerating voltage and 10 mm working distance were used.

2.4.3. X-ray photoelectron spectroscopy (XPS)

XPS was employed to investigate the composition within the 7-10
nm of the surface and protein adsorption characteristics (atomic ratio of
nitrogen to specific carbon peaks). Analyses were conducted on two
spots for each unexposed coupon and for the coupons exposed for 4
weeks to the protein solution, and for one spot for the coupons exposed
to the protein solution for 24 h and 1 week. A Kratos AXIS Supra spec-
trometer was used to perform XPS analysis. Monochromatic Al K, X-ray
source functioning at 12 mA and 15 kV (180 W) was employed to collect
all spectra and pressure was maintained at < 10~ Torr during analyses.
Photoelectrons, in all spectra, were collected from a 700 x 300 pm area
with a 90° take-off angle. Survey spectra were collected using a 1 eV step
size and a 160 eV pass energy. High-resolution spectra were collected
using a 0.1 eV step size and a 20 eV pass energy. The instrument work
function was calibrated to give a binding energy (BE) of 83.96 eV for the
Au 4f;,5 line for metallic gold, and the spectrometer dispersion was
adjusted to give a BE of 932.62 eV for the Cu 2ps/2 line of metallic
copper. Charge correction was done against the aliphatic adventitious
carbon (C—C) at 284.80 eV. Signal processing and deconvolution were
performed by CasaXPS software (version 2.3.24) utilizing a Shirley
background. High-resolution spectra of the C1s,01s, N 1 s, Ti 2p, and
Al 2p were obtained and fitted according to previous papers [30-32].

2.4.4. X-ray diffraction (XRD)

The X-ray diffraction (XRD) analyses were conducted utilizing a
Rigaku SmartLab X-ray diffraction system, employing Cu K, radiation at
40 kV and 45 mA. The diffraction data were acquired using grazing
incidence X-ray diffraction (GIXRD) with an incident angle of 3° over a
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2.5. Metal release analysis

The solution was analyzed for trace concentrations of titanium and
vanadium by means of inductively coupled plasma mass spectrometry
(ICP-MS), after microwave digestion. Aluminum could not be analyzed
because of high background levels. Prior to digestion in the Milestone
ETHOS UP microwave digestor, 3 mL of each solution was pipetted into
an individual tube. In addition, a spike solution was prepared by
pipetting 20 pL of 100 ppm quality control stock (QCS) containing ti-
tanium and vanadium into 3 mL of the solution to ensure the accuracy of
ICP-MS measurements. Then, 333 pL of pure nitric acid (> 68 %) was
pipetted to 3 mL of solutions in the digester tube. Next, tubes were
placed in the digester canisters containing 10 mL of ultrapure water,
after that, the digester canisters were placed in the microwave digestor.
A thermometer was placed in one of the canisters to control the tem-
perature during digestion. Digestion was performed at 170 °C over 10
min for temperature ramping followed by 10 min maintaining at 170 °C
and removed once the temperature cooled below 50° C (based on EPA
3015). After digestion, the final volume was adjusted to 10 mL by adding
ultrapure water. Digestion was only done for protein-containing solu-
tions. The dilution factor was calculated by the final volume divided by
the initial sample volume.

Agilent 7700 and Thermo Fisher iCAP Q ICP-MS instruments were
employed to measure the released amounts of titanium and vanadium in
solutions after 24 h, one week, and four weeks of immersion. Recovery
of quality control samples were within 15 % of the expected value, and
matrix spike and matrix spike duplicates were within 30 % of the control
limit. The dilution-adjusted limits of detection were 1.8, 0.07, 18.1, and
0.69 pg/L for titanium in digested protein solution, vanadium in
digested protein solution, titanium in hydrochloric acid solution, and
vanadium in hydrochloric acid solution, respectively, using the Agilent
7700 instrument; 0.17 and 0.003 pug/L for titanium and vanadium in
digested protein solution, respectively, using the Thermo Fisher iCAP Q
instrument. The amount of released metal was calculated according to
Eq. (1). Csample, CBlank, DF are sample concentration, blank concentration
and dilution factor, respectively. The exposure volume for each spec-
imen was 0.00225 L [33].

x 0.00225 (L)

g
Amount of released metals (ug/cmz) = (om?)

26 range from 25° to 90° with a step width of 0.02° and a scan speed of
2°/min. The International center for Diffraction Data (ICDD) PDF-4 +
2023 inorganic database was used for phase identification.

2.4.5. Time of flight secondary ion mass spectroscopy (ToF-SIMS)

ToF-SIMS (TOF-SIMS 1V, ION-TOF GmbH, Germany) was used to
find protein fingerprints, hinting towards changes in packing and
orientation. Secondary ions were generated by bombarding a pulsed 25
keV Bij primary ion beam onto the sample surface. An electric field was
used to extract secondary ions, which arrived at the detector by flying
through a reflectron tube. Then, the mass to charge ratio (m/z) was
obtained by converting the arrival times of known species like carbon,
hydrogen, and hydrocarbon. To compensate for charge buildup on the
sample surface, a flood of a low-energy electron beam was utilized. The
chamber base pressure was around 3 x 10~/ mbar. Both positive and
negative ion mass spectra in the range of m/z 0-900 were collected from
areas of 500 yum x 500 um at a pixel density of 128 x 128 or 256 x 256.
H~,CH™ and C4H™ for negative and H", CH3 and C3H¢ for positive were
initially used to calibrate the ion mass spectra.

(CSample (%) — CBlank (%)) x DF
A

@

2.6. Contact angle measurements

Contact angles of ultra-pure water (2 pL) were measured on selected
samples at 25 °C using a KRUSS Drop Shape Analyzer (DSA30E). The
analyzer’s ADVANCE software was used to measure the static water
contact angles and the average of three replicates was reported.

2.7. Statistical analysis

The data sets of two different conditions were statistically compared
by a student’s t-test for unpaired data with unequal variance using
KaleidaGraph v. 4.0. If P values <0.05, the two data sets were consid-
ered to be statistically significantly different.
3. Results and discussion

3.1. Electrochemical measurements

The OCP value reflects the equilibrium potential, without applied
potential, for which the sum of cathodic and anodic currents is zero. It
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may change because of changes in either the cathodic or anodic reactions.
Without a change of the cathodic current, a smoothly increasing OCP with
time, reaching a steady state, typically means that the rate of the anodic
reactions is decreasing due to passivation (surface oxide buildup and
stabilization). A sudden decrease would mean a “breakdown” due to
sudden localized corrosion. A smooth decrease can mean the gradual
dissolution of the surface oxide, increasing anodic reactions, or a gradual
decrease of the cathodic reactions due to the adsorption of ligands (here,
proteins). All specimens in the BSA solution showed relatively stable
behavior during immersion in the solution, and the observed values were
in the same range as previously reported values [28,34]. The trend of the
OCP during 30 mins of exposure to the protein-containing solution did not
show any significant differences between all four surface conditions,
Fig. S1 (supplementary information).

Fig. 1 shows EIS results after 24 h of immersion in the BSA solution. It
can be seen from the Nyquist diagram (Fig. 1a) that all surface condi-
tions exhibited semicircular patterns with a large radius, indicative of
strongly passive conditions [35,36], and that they are similar among the
surface conditions. Both the Bode plots (Fig. 1b) and Nyquist plots
(Fig. 1a) indicate excellent passivity and high corrosion resistance.

The Randle circuit [28,37] was used to fit the EIS spectra. Solution
resistance, surface oxide resistance, surface oxide effective capacitance,
constant phase element, phase constant exponent, and the accuracy of
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fitting are denoted as Rs, Ry, Cefr, CPE, n, and Xz. Regarding heteroge-
neous surface properties, CPE was used to consider non-ideal capaci-
tance for equivalent circuits. Cer values were obtained according to the
following equation [38].

Car = Q" x (R,)" " )

Extracted parameters from the fitting of EIS measurements are
depicted in Figs. 1, S2, and Table S1. Effective capacitances were
significantly (P<0.05) lower for smooth than rough samples but there
was no significant difference seen after passivation. A similar trend to
Cefr was seen for CPE. The impact of passivation is only seen for the
surface oxide resistance (R,) but was not statistically significant.

Lower effective capacitance can be used to infer a more protective
and compact oxide since it correlates with the surface oxide thickness
according to the following equation [39]:

A
Ceffzsxsoxg 3
where ¢, e, A and d are the relative dielectric constant, vacuum
permittivity, surface area, and thickness, respectively. Greater values of
Ceff for rough than smooth samples could be attributed to a larger sur-
face area originating from rough morphology.
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Fig. 1. Representative EIS spectra and extracted parameters after 24 h immersion in protein-containing solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA) for different
surface conditions at pH 7.4 and 25 °C. (a) Nyquist diagram (b) Bode plot. Average and standard deviation (error bars) of extracted parameters (effective capacitance
and polarization resistance) of three independent specimens (c and d). Corresponding fitting parameter and variability information in Figs. S2 and Table S1.
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Fig. 2. Representative potentiodynamic spectra of various surfaces after 24 h immersion in the BSA solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA) at pH 7.4 and

25 °C.

Table 2

Calculated corrosion parameters of different surface conditions after 24 h im-
mersion in proteinous solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA) at pH 7.4
and 25 °C, showing mean and standard deviations of three independent speci-
mens and measurements.

Samples icorr (A/cm?) ipass (uA/cm?) Ecorr (V)

R 0.02 + 0.008 0.31 £0.11 —-173 + 30
RP 0.02 £ 0.0008 0.24 £ 0.04 —159 + 40
S 0.01 + 0.001 0.17 £+ 0.06 —138 + 21
SP 0.01 + 0.004 0.08 + 0.007 —210 +£ 50

Fig. 2 depicts the potentiodynamic polarization graphs in the neutral
BSA solution, showing a strongly passive condition with a long passive
region with low passive current density and no breakdown potential for
all surfaces in the BSA solution, similar to EIS and literature findings [40,
28].

The corrosion parameters from three independent specimens are
listed in Table 2. Smooth specimens exhibited lower corrosion current
density than rough samples (statistically significant for passivated sur-
faces only). The passive current density values (here defined as the value
that was 200 mV more positive than the corrosion potential) for
passivated specimens were slightly lower than those for non-passivated
specimens.

3.2. Surface characterization

The XRD spectra for the four samples are depicted in Fig. 3a with the
primary peaks corresponding to specific phases labelled. Notably, the
observed diffraction peaks exhibit broadening, most likely due to the
plastic deformation induced by sandblasting at the sample surfaces. This
broadening is attributed to the limited penetration depth of X-rays in
GIXRD, focusing on the uppermost surface layers. All examined samples
exhibited the presence of the a-phase (ICDD 01-083-4054), character-
ized by a hexagonal close-packed (HCP) structure. There is a possibility
of minor B-phase occurrence with a cubic structure. The primary peak
for the p-phase, (110)p, is approximately situated at 38.76° (ICDD
01-089-4913), but its identification may be obscured by the broader
(002), and (101), peaks at 38.42° and 40.27°, respectively. The XRD
patterns for the smooth and smooth passivated samples reveal addi-
tional peaks consistent with zirconium dioxide (ICDD 01-087-7160)
with a monoclinic structure. This observation aligns with the EDS results
(Tables S2 and S3), indicating elevated concentrations of Zr and O on the
surfaces of the smooth and smooth passivated samples.

SEM analysis was performed after electrochemical measurements to
see if there were any specific changes to the surface of the samples,

Fig. 3b-e. There were no visible changes after the electrochemical po-
larization to 1.5 Vag/agci compared to the unexposed regions (Fig. S3).
According to Fig. 3, rough (b) and rough passivated (c) samples indi-
cated an uneven morphology, while smooth (d) and smooth passivated
(e) surfaces did not have irregularities. Observed particles on all surfaces
were related to the ceramic beads used for sandblasting and contained
Zr, Si, and Al oxide, as shown in the EDS maps in Fig. S4 and Table S3.

The 3D images of the surface morphology deduced from the laser
scanning confocal microscopy measurement in Fig. 4 show the differ-
ence between the samples in terms of roughness and surface area. The
rough surfaces had approximately a 10-20 % greater surface area than
the geometrical area, Table 3, and are significantly rougher than the
smooth specimens (P<0.01). There was no significant effect of passiv-
ation on the surface roughness and area of the samples.

The static contact angles of a 2-uL ultrapure water droplet were
measured to 81.8 + 0.9°, 85.4 + 0.5°, 78.8 & 1.5° and 79.93+1.0° for R,
RP, S, and SP, respectively (examples in Fig. S5). Although these changes
are small, this was statistically significant between rough and rough
passivated, as well as between rough passivated and smooth passivated
(P <0.01 in both cases).

The surface composition of specimens after 24 h immersion in both
BSA and HCI solutions was studied by XPS. The results from the quan-
tification of survey spectra are presented in Fig. 5a. The most abundant
elements were carbon, oxygen, nitrogen, titanium, aluminum, silicon,
and zirconium, with their levels depending on exposure conditions.
Notably, the levels of carbon and nitrogen were consistently higher for
samples exposed to BSA compared to unexposed and HCl-exposed
samples. Their relative fraction further increased with immersion time
in BSA solution, Fig. 5b. This is possibly due to the protein adsorption
processes known to occur during exposure to BSA [41]. The surface
composition of HCl-exposed specimens was relatively similar to unex-
posed ones, Fig. 5a. This is due to the excellent corrosion resistance of
titanium alloys [42,43]. Zirconium, silicon, and aluminum may origi-
nate from the sandblasting procedure, and silicon is further discussed
below.

Fig. 6 focuses on the main alloy elements only, showing the specia-
tion (metallic or oxidic) of titanium and aluminum (vanadium was
below the detection limit), after the various exposure durations and for
the different specimens. The oxide thickness increased gradually with
time, indicated by the lower fraction of metal peaks with time.
Throughout the 4 weeks of exposure, the smooth surfaces consistently
have a slightly thicker oxide (as evidenced by a lower metal peak frac-
tion) and a higher aluminum oxide ratio than the rough surfaces. There
was no significant effect of the passivation on the surface oxide
composition, Fig. 6.

After exposure to BSA solution, the ratio between organic nitrogen
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Fig. 3. a) XRD results of unexposed specimens (corresponding SEM and EDS data in Figs. S4 and Table S2). b-e) representative SEM micrographs of different surface
preparations; b) rough, c¢) rough passivated, d) smooth, and e) smooth passivated after 24 h immersion in the BSA solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA) at pH

7.4 and 25 °C.

and higher binding energy carbon (or N/(C24C3+Cy4)) increased from
less than 10 at % to 30-40 at %, indicating BSA adsorption [44], Fig. 7.
The theoretical ratio for adsorbed bulk BSA should be 0.48 [45]. This
ratio can be defined as the atomic ratio between organic nitrogen to
carbon indicating BSA adsorption. Organic N was at 399.86 eV and
carbon peaks, C—OH and/or C—O-C, C=0, and O—C=0 were at
286.13 eV, 287.89, and 288.75 eV, respectively. However, there is a
possible contribution of adventitious carbon, which lowers the
measured ratio from the theoretical ratio. The C; (C—C and/or C—H at
284.80) was excluded due to the large contribution from adventitious

carbon. A typical experimental ratio for a monolayer BSA adsorption
was stated to be around 0.4 and approaching higher values, closer to
0.48, with higher solution protein concentration and hence a more fully
covered monolayer [46]. Also, BSA adsorption on metals remains as one
monolayer due to electrostatic repulsion, hindering the formation of
multilayers [47].

After 24 h of immersion, this ratio was similar for all surface con-
ditions, however, after one week and four weeks, it was consistently
higher for rough than smooth samples, indicative of more protein
adsorption on the rough surfaces.
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Fig. 4. 3D images of surface morphology of unexposed samples. A) rough, b) rough passivated, c) smooth, and d) smooth passivated.

Table 3

The surface roughness and area of various surface conditions for a 0.010 cm?
geometrical area. Root mean square roughness and arithmetic roughness are
denoted by Sq and S,. Mean and standard deviation of three independent spec-
imens and measurements.

Samples Sq (um) Sa (um) Area (cm?)

R 23.3+0.6 17.0+ 1.0 0.011 + 0.0009
RP 25.0 £ 0.6 18.0 + 0.6 0.012 + 0.001
S 12.3 + 0.6 8.0 +£0.2 0.010 + 0.0005
SP 11.0 + 0.6 7.0 +£0.1 0.010 + 0.0003

For more detailed information about protein adsorption on different
surfaces and surface composition, high-resolution spectra of nitrogen,
carbon, oxygen, titanium and aluminum at different time slots were
compared in Figs. S6-S10. A higher organic nitrogen peak was observed
after four weeks (Fig. S6) in rough specimens compared to smooth
specimens. Metallic and metal oxide signals for both titanium and
aluminum decreased as a function of time which could be related to a
thicker or tighter protein layer on the surface [33].

The presence of a peak around 532.4 + 0.8 eV in the O 1 s spectra
was attributed to organic species or silicone [48]. The possible presence
of the common silicone contaminant was analyzed by Si 2p
high-resolution of one of the surface conditions (Fig. S11). Fig. S11
shows that deconvoluted peaks of Si 2p were placed almost at
102.2-102.9 which probably resulted from silicone [48].

The ToF-SIMS study of the surfaces after exposure to the protein
solution revealed that the positive ion mass spectra are more useful than
the negative ion counterparts as amino acids fragmented more favorably
to positive ions. The ratio of metal oxide to metal, TIO"/Ti", is depicted
in Fig. 8a. The intensities of Al" detected on all specimens were weak.
Exposure to BSA solution increased the TiO" signal more for smooth
than rough samples (P<0.05). A significant effect of passivation was
only seen for the smooth surface after 4 weeks of exposure.

The sum of the intensities of positive ions diagnostic to amino acids
that represent the protein (Fig. S15) was added and normalized to the
total intensity to see the effect of each surface condition on protein
adsorption, which is shown in Fig. 8b [49]. Fig. 8b revealed relatively
small changes; the only statistically significant changes occurred after
one week of immersion, without any clear trend.

3.3. Metal release

ICP-MS results for the released amount of metals for different im-
mersion times in BSA solution are depicted in Fig. 9. Passivation reduced
the amount of released metal for both titanium and vanadium. The effect
of passivation was only statistically significant for the amount of
released titanium from the rough condition after one week. In addition,
smooth surfaces with or without passivation showed a lower amount of
released titanijum and vanadium which is consistent with electro-
chemical and surface analysis.

The released amount of titanium and vanadium was considerably
higher in the acidic HCl solution than in the neutral BSA solution,
Fig. 10. The difference between BSA and HCI solutions in terms of
released amount of titanium and vanadium was statistically significant.
Smooth surfaces showed significantly lower released amount of titanium
than rough surfaces in HCI solution. Passivation did not change the
amount of released metals significantly.

3.4. Further discussion

This study showed that rough surfaces had an approximately 10-20
% larger surface area than smooth surfaces. This study further showed
more compact protein adsorption on the rough surfaces, by both surface
analytical methods (XPS and ToF-SIMS). This is in agreement with other
studies [50]. We speculate that protein adsorption could be facilitated
because of an increased degree of conformational freedom of adsorbing
proteins on rough surfaces with multiple curvatures (less electrostatic
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Fig. 5. Comparison of elemental distribution based on XPS wide spectra for the various Ti6Al4V specimens (rough — R; rough passivated — RP; smooth — S; smooth
passivated — SP) a) after 24 h immersion in BSA solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA) at pH 7.4 and 0.027 M HCl solution (pH 1.5) at 25 °C, and b) after 24 h,
1 week, and 4 weeks in BSA solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA) at pH 7.4 and 25 °C. The data presented is the average data of two spots (unexposed and 4

weeks) or one spot (24 h and 1 week). For information on variability, see Fig. S12.

repulsion to other protein molecules) [51-53]. Another contributing
factor could be the detected surface contamination (silicone and an
enrichment of sand blasting ceramic beads) on the smooth surfaces after
the mirror-polishing process, possibly hindering protein adsorption.
Our findings further indicated that rough specimens showed slightly
inferior behavior from an electrochemical (corrosion resistance) and
metal release perspective than smooth surfaces. The true surface area
difference alone explains most of the observed differences, which is
around 10-20 %. In contrast to other studies in harsher conditions (BSA
and hydrogen peroxide) [33,54], this study did not observe any clear
effect of protein-induced complexation and surface oxide changes, since
the ratio of Al to Ti oxide in the surface oxide remained roughly un-
changed. Therefore, it is unlikely that the higher metal release and
slightly higher corrosion in rough surfaces are related to the higher
protein adsorption on the rough surfaces in this study. Another factor
that possibly influenced the slightly higher corrosion susceptibility and
metal release of rough surfaces was that the polishing procedure of the
smooth surface slightly increased the oxide thickness and aluminum
enrichment in the oxide, as evident from both ToF-SIMS and XPS results,

hence, acting like a pre-passivation. The stronger adsorption of proteins
could further have hindered this natural and additional passivation
process in the specimens with the rougher surfaces upon exposure to the
protein-containing solution.

Our study showed only a slight impact of passivation on metal
release and corrosion behavior, with slightly reduced metal release and
barely improved corrosion resistance. It was previously stated that
passivation in nitric acid would reduce the surface oxide thickness and
increase the released amount of metal ions [55]. However, our study was
done on LPBF Ti6Al4V, in a lower concentration nitric acid, and for a
shorter time than that study. It has previously been suggested that the
combination of various acids could be more effective in terms of
corrosion inhibition [14] however, in this study, we saw a very high
corrosion resistance and very low metal release for all conditions. Pre-
vious studies indicated higher amounts of released metals for wrought
Ti6Al4V in the presence of different concentrations of BSA [56]. In
addition, higher released amounts of titanium and vanadium were
observed for wrought Ti6Al4V in the presence of H,O5 and BSA [57].
The metal release in this study after 24 h from LPBF Ti6Al4V in 0.4 %
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Fig. 6. Surface oxide composition based on XPS high-resolution and wide spectra for each condition after 24 h, 1 week, and 4 weeks in BSA solution (5 g/L NaCl, 5
mM MES, 10 g/L BSA) at pH 7.4 and 25 °C. The data presented is the average data of two spots (unexposed and 4 weeks) or one spot (24 h and 1 week). For

information on variability, see Fig. S13.
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Fig. 7. The atomic ratio between organic nitrogen to carbon for each condition after 24 h, 1 week, and 4 weeks in BSA solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA)
at pH 7.4 and 25 °C. The data presented is the average data of two spots (unexposed and 4 weeks) or one spot (24 h and 1 week). For information on variability,

see Fig. S14.

HCI was comparable to a study on traditionally manufactured Ti6A14V
in 0.01 % HCI after one week [58]. The specimens in this study were
manufactured using a biomedical protocol, including sandblasting. SEM
and XPS results suggested that ceramic beads from the sandblasting
were found abundantly on all surfaces, including the smooth (polished)
ones, the passivated surfaces, and the ones that have been exposed to
solution for up to 4 weeks. This is in line with previous studies showing
inclusions consisting of silicon, zirconium and aluminum from sand-
blasting remained on the surface [59,60]. There are several clinical
implications of these incorporated ceramic beads. First, they can act as
three-body wear (small, hard particles between two surfaces) in a fret-
ting situation, where two surfaces rub against each other. This would
worsen corrosion types that involve friction such as tribocorrosion and
mechanically assisted crevice corrosion [29,61]. Second, it has been
reported that the presence of sandblasting inclusions on rough surfaces
could alter the electrochemically active area of the surface and yield
higher capacitance [62]. This mechanism would not even require any
mechanical action. A previous study suggested that modified nitric
passivation could remove all inclusions which was not observed in this

study using 30 % nitric acid at 25 °C for 30 min [60].

While this study, under passive conditions, showed no large effect of
passivation and surface preparation, it remains to be investigated how
these factors influence corrosion under worse conditions, such as under
friction, which should be investigated in future studies.

In addition to sole corrosion effects, passivation also influences the
level of adherent endotoxins on titanium implant surfaces and passiv-
ation has been reported to be an efficient way to remove these endo-
toxins [63]. Therefore, this study should not be used as a justification for
omitting passivation procedures that might be necessary for biomedical
implant surfaces.

4. Conclusions
After evaluating the effect of passivation on LPBF Ti6Al4V with

different surface conditions (rough and smooth) in BSA (pH 7.4) and HCI
(pH 1.5) solutions, the following conclusions were drawn:
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0.027 M HCI (pH 1.5). *P < 0.05; **P < 0.01; ***P < 0.001.

1. Implanted ceramic beads from sandblasting remained on the surface
after mirror-polishing and passivation.

2. Electrochemical measurements showed that passivation did not
significantly change the corrosion resistance of the Ti6Al4V alloy in
the BSA-containing solution (5 g/L NaCl, 5 mM MES, 10 g/L BSA, pH
7.4). In the BSA solution, all specimens remained passive.

3. The HCI solution resulted in significantly higher titanium and va-
nadium release than the neutral BSA solution after 24 h of immer-
sion. However, no change in surface composition was observed after
24 h exposure to the HCl solution compared to unexposed surfaces.

4. Surface analysis revealed no significant impact of passivation. Rough
specimens were shown to have a 10-20 % larger surface area. Rough
surfaces had also a higher extent/compaction of protein adsorption,
as identified by XPS and ToF-SIMS.

5. The mirror-polished smooth surfaces had a slightly thicker oxide
with a higher ratio of aluminum oxide and fewer proteins adsorbed
than the rough surfaces, even after 4 weeks of exposure to the BSA
solution. These smooth surfaces also showed contamination from
silicone and the ceramic sandblasting beads.

6. Passivation resulted in only a slightly lower titanium release from
rough LPBF Ti6Al4V in both HCI (pH 1.5) and BSA-containing so-
lution (pH 7.4).

7. This study shows a minor effect of passivation on corrosion resis-
tance; however, passivation might be required for other reasons.
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