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This paper investigates the corrosion and tribocorrosion behavior of titanium surfaces treated with micro-arc
oxidation (MAO) and further functionalized with poly(ethylene glycol) (PEG) and an antimicrobial peptide
(AMP). PEG was first covalently conjugated onto the MAO surfaces followed by AMP physical adsorption. The
MAQO layer maintained its porosity and bulk chemical composition (Ca+P) after surface functionalization with
PEG-AMP. Although no significant differences on the corrosion mechanisms were observed, the corrosion
resistance of the MAO surfaces was slightly improved by the presence of PEG-AMP. This corrosion improvement

was mainly attributed to the outer porous oxide layer, where PEG-AMP may create a barrier between the MAO
layer and the corrosive medium. In addition, although coefficient of friction (COF) has been slightly increased on
the PEG-AMP functionalized MAO surfaces, the bulk titanium was effectively protected under loading and
reciprocating sliding conditions, which demonstrates a good tribocorrosion behavior.

1. Introduction

Titanium (Ti) surfaces have been widely studied and tailored by
various treatments in the biomedical field, potentially improving their
interaction with microorganisms, host fluids and cells. The goal is to
address several needs of the bone implant market, such as faster
osseointegration, prevention of bacterial infection, and protection
against wear and corrosion phenomena [1,2]. The surface functionali-
zation with (bio)molecules represents an emerging and promising
strategy. For example, poly(ethylene glycol) (PEG) polymer has been
used through different methods to reduce surface bacterial attachment
due to its antifouling properties, while immobilized antimicrobial pep-
tides (AMP), as future alternatives to conventional antibiotics, can
promote bactericidal activity by altering the bacterial membrane
integrity [3-5].

* Corresponding authors.

Nevertheless, (bio)molecule-treated Ti surfaces exhibit largely un-
known behavior under corrosive and/or mechanical actions. Zhang et al
[6] have functionalized AZ31 magnesium alloy surface with a duplex
coating: first, it was constructed the bottom layer of MgF,, followed by a
top layer of dopamine cross-linked with polyphenols, serving as anchor
points for AMP grafting. The MgF, coating remarkably improved the
corrosion resistance of the alloy, but its unavoidable minor defects
(pores, cracks) may allow the penetration of corrosive compounds to
reach the metallic substrate. The presence of organic polyphenolic
groups was essential to further enhance the corrosion protection, as
released Mg?* from the substrate could be captured into the crosslinked
coating through complexation reactions, inhibiting the outflow of Mg
ions. The loading of AMP did not alter the induced anti-corrosion
properties. Trino et al [7] have deposited a rutile film (500 nm) on Ti
substrates, followed by immobilization of osteogenic peptides (dentin
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matrix protein 1, DMP1) without and with the application of organic
spacer molecules, 3-(4-amino- phenyl) propionic acid (APPA) and
3-mercaptopropionic acid (MPA). When peptides were directly attached
to the surface (without spacers), the corrosion rate seems to decrease
compared with rutile films alone, but higher current density values were
observed after the introduction of APPA and MPA. Although the general
biofunctionalization has enhanced the corrosion resistance of pristine
Ti, the authors pointed out that it is still unclear whether (bio)molecules
hind or accelerate electrochemical reactions; in fact, corrosion kinetics
may strongly depend on the nature of the organic molecule and the
underlying substrate. On the other hand, the good adhesion of peptides
onto rutile surfaces seems to provide a stable layer, which may act as a
protective and lubricious tribolayer to decrease mass loss during tribo-
corrosion. However, increased degradation was observed after attaching
DMP1 to bare Ti, as the native oxide film was easily damaged, and
clusters of negatively charged peptides may have been released from the
surface and attracted Ti ions from the metal, consequently boosting their
diffusion rate.

Indeed, Ti presents a shortcoming regards its wear resistance,
limiting its performance for load-bearing implants. A possible solution is
the fabrication of a well-adhered micro-arc oxidation (MAO) layer,
acting as a physical barrier against corrosion and wear. Besides Ti, the
cost-effective MAO technology (also commonly called plasma electro-
lytic oxidation, PEO) can successfully develop protective coatings on
other metallic materials (magnesium, aluminum, tantalum) of various
shapes, demonstrating remarkable adaptability across a wide range of
practical domains, including clinical, military, aerospace, and automo-
tive applications [8-12].

MAQO Ti layers are typically porous and thick, and can be doped with
diverse chemical agents to promote bioactivity or antibacterial perfor-
mance, including calcium (Ca), phosphorus (P), strontium (Sr), mag-
nesium (Mg), silicon (Si), manganese (Mn), boron (B), zinc (Zn), silver
(Ag), and copper (Cu) [13-19]. In addition, at the interface between the
bulk metal and the porous coating, a dense oxide film can be grown to
impede a possible contact between metal and body fluids that may
penetrate into the inner cavities [20,21]. The gradient of crystalline
structures along the coating plays also an important role in the wear
resistance, combining TiO; phases of anatase and rutile, where the latter
is more concentrated in the top regions [20,22-24]. As anatase is more
ductile and rutile is harder, the resulting MAO Ti coating may present a
cushion effect to better accommodate and withstand mechanical stresses
[22,25]. However, there is lack of studies to evaluate the degradation
(corrosion and/or tribocorrosion) of MAO Ti layers further functional-
ized with (bio)molecules, including PEG and AMP to combat bacterial
infections.

Therefore, this work aimed to investigate the corrosion and tribo-
corrosion behavior of MAO TiO; coatings treated with widely used
molecules, namely PEG-based molecules and AMP. First, PEG com-
pounds were covalently conjugated onto the MAO surfaces. Then, the
broad-spectrum peptide MSI-78 [26,27] was physically adsorbed onto
the PEGylated MAO surfaces. These coatings had previously been
examined by our group for their biological performance [28], revealing
remarkable antibacterial activity—characterized by low bacterial
adhesion and strong bactericidal efficacy against methicillin-resistant
Staphylococcus aureus (MRSA)—while exhibiting no cytotoxicity toward
bone-like cells and effectively supporting osteogenic behavior.

2. Materials and methods
2.1. Processing

2.1.1. Titanium substrate preparation

Grade 4 Ti disks (12.6 mm in diameter; Acnis Brazil) were used as
substrates for MAO coating. The nominal chemical composition of grade
4 Ti, as provided by the manufacturer, is specified in maximum weight
percentages: 0.50 % Fe, 0.40 % O, 0.08 % C, 0.05 % N, and 0.015 % H,
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with up to 0.4 % of other elements; balance of Ti. First, the Ti surfaces
were subjected to grinding (#150 and #800 mesh SiC papers) and ul-
trasonically cleaned in propanol-filled bath for 10 min. Then, the spec-
imens were etched by Kroll’s solution (HF:HNO3:H0 = 1:1:1 in volume;
acidic reagents from Honeywell, Fluka) to remove any remaining con-
taminants and facilitate the formation of a fresh oxide film. Afterwards,
the specimens were washed in an ultrasonic bath of propanol (10 min)
and Type II water (5 min) (Type II water: distilled water, resistivity > 1
MQ.cm, a conductivity < 1 pS/cm and < 50 ppb of total organic car-
bons), and dried at room temperature (RT).

2.1.2. Micro-arc oxidation

Based on previous works [20,29], the MAO treatment was conducted
using a direct current (DC) power supply (Keysight Technologies
N5751A), with a limiting current of 2.5 A and under a voltage of 300 V.
The exposed areas of the anode (specimen: grade 4 Ti substrate) and the
cathode (grade 2 Ti plate, Sandinox) were 0.94 cm? and 1.70 cmz,
respectively. The distance between electrodes was set as approximately
7 cm. The electrolyte was selected to incorporate calcium and phos-
phorus into the coatings, through the composition of 0.35 M calcium
acetate monohydrate and 0.02 M p-glycerophosphate disodium salt
pentahydrate (Sigma-Aldrich) in Type II water. Surfaces were treated for
1 min under magnetic agitation (500 rpm) and at RT. Ultimately, the
specimens were rinsed with Type II water and propanol, and dried with
air stream at RT. The MAO-treated specimens were called MAO-control.

2.1.3. Surface (bio)molecule immobilization

MAO specimens were dried in a vacuum oven (20-40 mbar, 100 °C,
24 h) to minimize physical adsorption of water. Subsequentially, the
coatings were activated by O plasma, using a non-destructive protocol
to create surface hydroxyl groups, according to [20]. The following
parameters were employed in the plasma cleaner equipment (Tergeo,
Pie Scientific, TG100): radio frequency (RF) source at 75 W, pulse of 255
(N/255), O, flow rate of 50 sccm, plasma direct mode for 2 min, and 1.3
mbar chamber pressure.

After plasma activation, the specimens were immediately transferred
to a glove chamber saturated with dried Ny, in order to perform the
molecule immobilization procedure. Specimens were immersed in a
solution containing the following compounds/concentrations: (i) a
carboxyl-PEG;13-maleimide molecule (HOOC-PEG-MAL; JenKem Tech-
nology Co.; 1 mg/mL), (ii) a coupling agent 1-(3-dimethylaminopropyD)-
3-ethylcarbodiimide hydrochloride (EDC; Thermo Scientific; 10 mg/
mL), and (iii) a catalyst 4-(dimethylamino)pyridine (DMAP; Sigma-
Aldrich; 2 mg/mL). The carboxyl motif from the PEG molecule was
linked with the surface hydroxyl species from activated MAO coatings,
using EDC and DMAP to induce covalent grafting. The reagents (i, ii, and
iii) were dissolved in dry dichloromethane as solvent. The reaction be-
tween the PEG molecules and MAO coating (to fabricate PEGylated
MAO surfaces) was carried out overnight, 100 rpm, RT, and protected
from light. After that, the specimens were washed twice with tetrahy-
drofuran (THF; Thermo Scientific), and three times with Type II water to
be subsequentially incubated in peptide solution.

The AMP solution was prepared with MSI-78 (GenScript Biotech
Corporation; sequence of amino acids: GIGKFLKKAKKFGKAFVKILKK) at
0.5 mg/mL in phosphate buffer at pH 6.6. The immobilization process of
peptide MSI-78 onto the PEGylated MAO surfaces took place for 24 h,
100 rpm, RT, protected from light. After AMP treatment, specimens
were ultrasonically cleaned in Type II water for three times during 2
min, followed by immersion in 70 % v/v ethanol (2x for 15 min) and
three-time rinsing in Type II water. Then, the (bio)molecule-containing
MAO coatings were dried with a gentle stream of argon. For nomen-
clature, PEGylated MAO surfaces treated with AMP were referred to as
MAO-PEG-AMP. The same protocol was employed to prepare PEGylated
MAO surfaces, but only incubated in phosphate buffer (without pep-
tide), in order to evaluate the PEG effect alone; these specimens were
named as MAO-PEG. Fig. la shows the surface (bio)molecule
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Fig. 1. (a) Schematic representation of the (bio)molecule immobilization (PEG and AMP) onto MAO surfaces (not to scale). Set-up for (b) corrosion and (c) tri-

bocorrosion tests.
immobilization schematically.

2.2. Corrosion tests

Electrochemical analyses including open circuit potential (OCP)
monitoring, electrochemical impedance spectroscopy (EIS), and poten-
tiodynamic polarization tests were performed sequentially, using a
three-electrode set-up (adapted from ASTM: G3-89 standards, Fig. 1b)
in 200 mL phosphate-buffered saline (PBS) electrolyte (GRiSP Research
Solutions) at physiological temperature of 37 °C and pH 7.4. The elec-
trochemical cell was placed in a climate chamber to maintain the tem-
perature, and the chamber also acted as a Faraday cage to avoid any
external currents. Specimens served as working electrode (WE) with an
exposed area of 0.38 cmz, a mesh of platinum (Pt) was used as counter
electrode (CE), and the reference electrode (RE) was a saturated Ag/
AgCl electrode. All the measurements were recorded through a Gamry
Instruments Potentiostat/Galvanostat/ZRA (model Reference 600+).

OCP values were continuously monitored for at least 3 h to ensure
system stabilization. Such stability was considered when OCP did not
present a variation higher than 60 mV within the last hour of immersion.
Sequentially, EIS spectra were acquired at OCP, ranging frequencies
from 10° till 1072 Hz, with 7 points per frequency decade, and a sinu-
soidal signal with an amplitude of 10 mV. Afterwards, potentiodynamic
polarization tests were conducted from —0.25 Vocp to 1.50 Vag/agcl
using a scanning rate of 0.50 mV/s. All electrochemical measurements
were conducted at least on three independent specimens, and the
average values were reported with the corresponding standard
deviation.

2.3. Tribocorrosion tests

Tribocorrosion experiments were performed using a tribometer
(CETR-UMT-2) with a reciprocating ball-on-disk configuration (Fig. 1c).
Specimens were mounted in the tribo-electrochemical cell that was fil-
led by PBS (pH 7.4) as electrolyte, at 37 + 2 °C. A two-electrode set-up
was connected to a Gamry Instruments Potentiostat/Galvanostat/ZRA
(model Reference 600+), wherein a saturated Ag/AgCl electrode served
as RE, and the specimens were established as WE. OCP was measured
before, during, and after sliding. Prior to sliding, the OCP was measured
till stabilization and it was considered stable when a variation in

potential was below 60 mV/h. During mechanical solicitations, the co-
efficient of friction (COF) values was also registered using a UMT-2
software coupled to the tribometer. The counter-body was an alumina
(Al,03) ball with 10 mm of diameter (Ceratec), to slide for 30 min on the
specimens’ surface, with a total stroke length of 5 mm, at a frequency of
1 Hz, and applying a 1 N normal load (corresponding to a maximum
Hertzian contact pressure of 410 MPa for untreated Ti). After tribo-
corrosion tests, specimens were rinsed with Type Il water and dried with
air stream at RT. At least three replicates were assessed to ensure
repeatability of the results.

2.4. Ion release studies

The specimens were immersed individually in 40 mL PBS for 7 days
at 37 °C. Ion concentrations (Ti, Ca and P) present in the solution were
measured at different immersion time-points of 5 h, 1 day, 2 days, 4
days, and 7 days. At each time-point, 8 mL of the solution immersed with
the specimen were collected to be evaluated, and three independent
assays were carried out. PBS was also analyzed as background.

The concentration of P was determined by UV/Vis spectrophotom-
etry (UV/Vis Thermo Spectronic Genesys 6), through the vanadomo-
lybdophosphoric acid method. For calibration, standard solutions of
phosphorus were prepared from the dilution of 1.25 mmol/L monop-
otassium phosphate (KHyPO4), and with the addition of nitric-
vanadomolybdate (chromogenic reagent). Those solutions were
measured in terms of absorbance signals, using absorption wavelength
of 420 nm. The chromogenic reagent was set as blank. The optimal range
of concentration of the analytical curve was 1-10 mg/L. The equation
for the calibration plot was as follows: Abs = 0.03705 x Cp + 0.02695, r
= 0.9998.

The concentration of Ca was obtained via flame atomic absorption
spectroscopy (FAAS), while Ti was analyzed via graphite furnace atomic
absorption spectrometry (GFAAS) (Shimadzu AA-6800 spectrometer).
Self-reversal background absorption correction was employed. A Shi-
madzu hollow cathode calcium or titanium lamp was operated at a
minimum current of 12 mA.

For the determination of Ca, the following operational conditions
were applied: A = 422.7 nm, spectral resolution: 0.5 nm, flame stoi-
chiometry: oxidizer, flame type: air-acetylene, and gas flow: 2 L/min.

To determine Ti, the following parameters were used: A = 364.3 nm,
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spectral resolution: 0.5 nm, and inert gas: argon. The gas flow was
maintained at 1 L/min throughout the heating program, and it was
stopped for the atomization stage. The heating program of the graphite
tube presented the respective temperatures, according to [30]: drying -
120/250 °C; pyrolysis - 900/1400 °C; atomization - 2600 °C, and
cleanup - 2800 °C.

Blank solutions were prepared by a mixture of 0.010 mol/L NaH;PO4
and 0.1370 mol/L NaCl (for Ti determination), with the addition of 10
g/L of lanthanum (for Ca determination). Then, analytical curves were
constructed from the dilution of Titrisol standards (Merck) of the ana-
lytes. The absorbance measurements were based on the peak area. The
equations for the calibration curves were as follows: Ca: Abs = 0.0544 x
Cca - 0.01650, r = 0.9992; Ti: Abs = 0.02608 x Crj - 1.5 x 105, r =
0.9999.

2.5. Characterization of the coatings

Morphology and chemical composition of the specimens were eval-
uated by scanning electron microscopy (SEM; Phenom XL G2, Thermo
Scientific) and energy dispersive X-ray spectroscopy (EDS; software in-
tegrated in Phenom user interface). Detectors for secondary electron and
backscattered electron (BSE) were used, within 10-15 kV accelerating
voltage. The results of chemical composition given by EDS analysis (n =
3) are presented as average + standard deviation.

Top surface chemical composition was acquired by X-ray photo-
electron spectroscopy (XPS; ESCALAB 250Xi, Thermo Fisher Scientific),
operating a monochromatic Al Ka X-ray source (1486.68 eV) at 220 W.
Survey (wide) scans were recorded using pass energy of 100 eV and
energy step size of 1.0 eV. High-resolution spectra were collected using
pass energy of 40 eV and energy step size of 0.1 eV. High-resolution
regions were fitted and calculated by the CasaXPS data processing
software, employing the Shirley-type background and relative sensi-
tivity factors provided by the library. C 1 s (284.6 eV) was used as
calibration energy.

Cross-section of the coatings was investigated by transmission elec-
tron microscopy (TEM). For that, a lamella was prepared by a focused
ion beam (FIB; Tescan Lyra 3 dual beam), with a gallium ion source.
Platinum layers were deposited using 0.2 nA ion current and beam en-
ergy of 30 keV. Slices and bulk milling were performed through ion
currents varying between 1 and 5 nA, accelerated at 30 keV. Fine milling
(polishing) was conducted by using 0.1 nA/10 keV and 10 pA/5 keV, to
obtain a lamella with approximately 100 nm of thickness. TEM analysis
was carried out at an accelerating voltage of 200 kV (JEOL 2100F).
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Crystal structure of the coatings was evaluated by X-ray diffraction
(XRD; X'Pert PRO, PANanalytical), with Ni-filtered CuKa radiation and a
PIXcel detector, operating at 45 kV and 40 mA, scan between 20° and
60° (20) (Bragg-Brentano geometry), step size of 0.02°. Phase identifi-
cation was performed by comparing with standard reflections from
Inorganic Crystal Structure Database (ICSD) (card numbers: anatase
#9852, rutile #33837, and titanium #253841). The phase percentage
was calculated through the following Eq. (1):

I
%phase, = 2L peas. x 100 (@]
Z Iall peaks

3. Results and discussion
3.1. Synthesis and characterization of the coatings

The surface morphology of the coatings is presented in Fig.2a—c. The
introduction of PEG or PEG-AMP did not alter the microstructure, with
an extensive surface porous network due to the formation of micro-arcs
during anodic treatment [23,29]. The elemental EDS mappings of the
MAO-control specimens are shown in Fig. 2d. The high temperatures of
the micro-arcs can promote the localized melting of the oxide, allowing
its doping with bioactive elements from the electrolyte, such as Ca and P.
No significant changes in EDS mapping were observed for MAO-PEG and
MAO-PEG-AMP specimens (Fig. S1 in Supplementary Material).
Semi-quantitative chemical analysis by EDS is given in Fig. 2e. Similar
content of Ca and P was noticed between the groups, indicating that the
procedures for (bio)molecule immobilization did not modify the bulk
chemical composition of the MAO layer. The atomic Ca/P ratios of 3.45
4+ 0.27, 3.53 £+ 0.29, and 3.53 + 0.24 were found for MAO-control,
MAO-PEG, and MAO-PEG-AMP specimens, respectively.

As the EDS method is not sensitive to light elements, the XPS tech-
nique was applied to detect nitrogen and verify the surface immobili-
zation of PEG and AMP (Fig. 3). All the coatings presented Ca and P at
the surface (Fig. 3a), and there is the introduction of N 1 s signal after
treatment with molecules (Fig.3a,b), indicating the successful surface
immobilization of PEG and AMP. From the high-resolution XPS spectra,
the N/Ti ratios of 0.11 and 0.96 were found for MAO-PEG and MAO-
PEG-AMP coatings, respectively.

The cross-section of the MAO-control coating is presented in Fig. 4.
As surface morphology (SEM) and bulk chemical composition (EDS)
were maintained after molecule immobilization, cross-sectional ana-
lyses were not performed for MAO-PEG and MAO-PEG-AMP specimens.

MAO-control MAO-PEG MAO-PEG-AMP

Ti 20.5%0.2 20.6+0.3 204+04
o 63.1+0.7 629+1.3 63.7+0.5
Ca 6.910.2 6.7 0.2 6.7 0.1
P 2.0+0.1 1.9+0.1 1.9+0.1
(¢ 7.5%+0.6 7.9%1.0 73+0.8

Fig. 2. Surface morphology of (a) MAO-control, (b) MAO-PEG, and (c) MAO-PEG-AMP specimens, obtained by SEM. (d) Elemental EDS mappings of the MAO-
control specimens. (e) Atomic concentration given by semi-quantitative EDS analysis.



N.A. Costa et al.

%
o a)
MAO-PEG-AMP
2 |MAO-PEG
=
o
o
MAO-control
‘ — .
T T T T T T T T T T T T T T T 1
800 700 600 500 400 300 200 100 0
Binding energy (eV)
MAO-PEG-AMP

N/Ti=0.96

MAO-PEG N/Ti=0.11

Counts

MAO-control
T T T T T T v T d T T 1
406 404 402 400 398 396 394

Binding energy (eV)

Fig. 3. XPS analysis of the coatings. (a) Survey spectra and (b) high-resolution
N 1 s spectra, together with calculated N/Ti ratios.

The anodic coating presented three different layers. Adjacent to the ti-
tanium substrate, there is the formation of a compact film (A), related to
the stage of oxide growth by conventional anodization. The following
layer (B) is characterized by small pores, which could be originated by
micro-arcs due to the dielectric breakdown of the oxide, as well as bursts
of oxygen-filled cavities due to local high pressures [23]. The outer
porous layer (C) presented bigger pores, likely due to more potent
micro-arcs during the later periods of the treatment.

The phase composition (XRD) of the MAO-control coating is pre-
sented in Fig. 5. The extremely high temperatures provoked by the
micro-arcs have resulted in a TiO, layer composed of crystal phases of
anatase (79 %) and rutile (21 %), with R/A ratio of approximately 0.27.
Similar crystalline proportion was identified in previous work [23] using

platinum layer

t

A titanium 1|.|m
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the same MAO electrical parameters, but with a different Ti-based
substrate (Ti-40ND alloy).

The ion release profiles from the coatings in PBS are presented in
Fig. 6. In general, a higher quantity of phosphorus (Fig. 6a) was released
from the coatings as compared to the levels of calcium (Fig. 6b). Tita-
nium release was also studied, and this element was only detected after 4
days of immersion, with significantly low values (< 0.01 mg/L) for all
the coatings (data presented in Table S1, Supplementary Material). In
terms of phosphorus (Fig. 6a), its dissolution was decreased after the
treatment with (bio)molecules, especially when PEG was combined with
AMP (MAO-PEG-AMP coatings). On the other side, MAO and MAO-PEG
coatings presented a similar release profile of calcium (Fig. 6b), and the
surface introduction of AMP slightly increased this calcium release.
These results indicate that (bio)molecules immobilized onto MAO
coatings may alter their ion release behavior, which seems both
dependent on the chemical element to be released, and type/surface
conformation of immobilized molecule.

3.2. Corrosion behavior

The OCP evolution for the last 10 min of immersion and represen-
tative potentiodynamic polarization curves are presented in Fig. 7. In
addition, the average values for open circuit potential (Egcp), corrosion
potential (Eg — o)) and passivation current density (ipass) extracted from
potentiodynamic polarization curves are given in Table 1. Similar

A
T - Ti substrate (o phase)
A - TiO, anatase
R - TiO, rutile
3 R/A=0.27
c
3
o
(&]
R
T Al T
A l R
A R R A TAA

20 25 30 35 40 45 50 55 60
20 (degree)

Fig. 5. XRD pattern of the MAO-control coating.

Fig. 4. FIB-prepared cross-section of the MAO-control coating. The morphology was analyzed by dark field-STEM images, with higher magnification selected zone

(in red box, I). The coating presented three different layers (A, B and C).
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Fig. 6. Ion release profiles of (a) phosphorus and (b) calcium from the coatings in PBS over 7 days.
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Fig. 7. (a) Representative OCP evolution during the last 10 min of immersion in PBS at body temperature and (b) representative potentiodynamic polarization curves

for MAO-control, MAO-PEG and MAO-PEG-AMP coatings.

corrosion susceptibility was exhibited for MAO-control and MAO-PEG
coatings (Eocp values of 0.29 & 0.00 and 0.28 £ 0.01 Vag/agcl, respec-
tively), while MAO-PEG-AMP presented slightly lower but still positive
average OCP values (0.19 £ 0.12 Vag/agc)-

Regarding the E; - ¢y, MAO-PEG-AMP specimens presented the
lowest average values, 0.08 £ 0.07 Vag/agc. On the other hand, the
average ipass values showed a slight decrease after functionalization with
the (bio)molecules, mainly for MAO-PEG coatings. All coatings of this
work exhibited significantly lower i, values (2-log reduction)
compared to bulk Ti or Ti-based alloys in PBS [31,32], thereby con-
firming the corrosion-protective nature of the coatings. Other previous
studies consistently demonstrate that MAO treatment can improve the
corrosion resistance of Ti-based materials; however, differences in
electrolyte composition—such as the use of simulated body fluid (SBF)
to reproduce physiological conditions [33-35] or 3.5 % NaCl solution to
replicate marine environments [36]—may influence the extent of
improvement observed. When 0.9 % NaCl solution was employed as the
corrosive medium, earlier research reported ipass values of (3.24 £ 0.95)
x107° A.cm™ for pure Ti and (5 + 2)x107® A.cm™ for comparable MAO

Table 1
Open circuit potential (Eocp), corrosion potential (E; — ¢)), and passivation
current density (ipass) values for all specimens.

Specimens Eocp Ei-o ipass

(Vag/age) (Vag/ageD (x10® A.cm™)
MAO-control 0.29 £+ 0.00 0.14 + 0.01 2.18 + 0.69
MAO-PEG 0.28 + 0.01 0.12 £+ 0.02 1.28 +£0.33
MAO-PEG-AMP 0.19 £ 0.12 0.08 + 0.07 1.73 £ 0.78

coatings not functionalized with (bio)molecules [21].

A passivation plateau was observed for all the surfaces (Fig. 7b),
followed by a slight increase of the current that may correspond to the
degradation of the MAO film, likely caused by the dissolution of calcium
and phosphorus [21,37]. This passive domain is clearly increased by
treating the MAO coatings with the (bio)molecules, being registered
from 0.72 to 0.84 Vag/agc for MAO-control, whereas for MAO-PEG and
MAO-PEG-AMP it was observed from 0.77 to 0.94 Vag/agc1 and 0.81 to
1.00 Vag/agcl, respectively. This increased extension of the passivation
plateau may be related to the oxidation of the immobilized molecules.
Ulbricht et al [38] discussed that water content, pH, temperature,
exposure to ultraviolet light, presence of enzymes, oxygen or oxidants,
strongly affect the stability of polymeric materials. Specifically, com-
pounds like PEG (or surface-bound PEG) and other organic substances
(including proteins and peptides) can undergo oxidative degradation
[38].

To date, biomolecular coatings are usually focused on their biolog-
ical implications, and the effect of (bio)molecules on corrosion resis-
tance is poorly investigated. Zhao et al [39] first deposited an MgF- layer
on a Mg-Zn-Y-Nd alloy and then applied a polydopamine (PDA) coating,
which served to further immobilize natural polysaccharides (fucoidan)
and bioactive CAG (Cys-Ala-Gly) peptides (derived from type IV
collagen) for use in vascular stent applications. The MgF> + PDA com-
bination exhibited the highest corrosion resistance in Hanks' solution,
presenting the lowest corrosion current density, icorr, Of 3.37x1078 A.
cm2. Although increasing CAG peptide grafting densities led to higher
icorr values (4.41x1077, 6.96x1077, and 4.65x1077 A.cm®), the
modified surfaces still ensured effective corrosion protection compared



N.A. Costa et al.

to the uncoated magnesium alloy (1.98x107°% A.cm™). Nonetheless, to
the best of the authors’ knowledge, no electrochemical studies have yet
examined MAO-treated Ti surfaces that are further functionalized
through AMP immobilization. It highlights a notable gap in the existing
literature on how such biomolecular layers affect the corrosion behavior
of Ti-based systems.

To obtain a comprehensive understanding of the corrosion behavior
of each coating, EIS was employed. Representative Nyquist and Bode
diagrams, with experimental and fitted data, are presented in Fig. 8.
According to the Nyquist diagram (Fig. 8a), all groups presented two
semi-circle patterns: a first well distinguished semi-circle, followed by a
consistent rising semi-circle pattern, which may suggest that the PEG or
PEG-AMP introduction did not modify the corrosion mechanism. How-
ever, MAO-PEG and MAO-PEG-AMP coatings have exhibited an increase
on the diameter of the first distinct semi-circle (high-middle frequency
range), which might be related with the immobilization of the mole-
cules, corresponding to the response of the outmost porous layer of the
coating.

Based on the Bode diagrams (Fig. 8b), the coatings showed three-
time constants: one corresponding to high frequencies, where the
phase angle approached to —70°, —60°, and —50° for MAO-PEG-AMP,
MAO-PEG, and MAO-control, respectively. This may be an effect of
different exponent ny; of the CPE, probably dependent on the (bio)
molecules at the surface. The other two constants correspond to middle-
low frequencies; no significant difference was observed on the phase
angle for the 107! to 10 Hz range, with values near —60°. The intro-
duction of PEG and PEG-AMP resulted in a slight increment on the total
impedance (|Z|), indicating better corrosion resistance as compared to
MAO-control.

The schematic representation of the electrical equivalent circuit
(EEC) used for fitting EIS results of the coatings is shown in Fig. 9. A
triplex structure is considered, consisting of a barrier film (thin compact
oxide layer) at the coating/substrate interface, followed by two thicker
porous layers [21,37]. The inner porous layer is characterized by small
pores, and the outer porous layer mainly contains larger pores; these
bigger cavities may also reach some deeper regions of the coating but
not affecting the barrier film. The pair of a resistor Ry¢ and a constant
phase element Q¢ was associated with the barrier film. Regarding the
anodic porous layers, Qwan and Qp/2wann Were used as constant phase
elements (CPEs) to represent the intact porous wall (outer porous layer)
and the porous wall under the outer pores (inner porous layer),
respectively. Specifically, no resistor is considered in parallel with these
CPEs, due to the high thickness of the corresponding porous layers,
leading to extremely elevated resistance values. Other three resistors
were included in the EEC, corresponding to the overall electrolyte
resistance R,, as well as the additional resistances of electrolyte filling
the outer pores (R..op) and inner pores (Re.ip).

The immobilization of PEG or PEG-AMP did not modify this general
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cross-section structure of the MAO coating, and the same EEC was used
for MAO-control, MAO-PEG, and MAO-PEG-AMP groups. However,
some considerations should be addressed. The immobilization of PEG
molecules was dependent on the linkage with surface hydroxyl groups,
which were created by O, plasma to play as anchors. As the gas plasma
may not reach so easily deeper cavities of the MAO coating during the
fast activation treatment, it is hypothesized that PEG molecules are more
concentrated in top regions of the coating. On the other hand, AMP
immobilization was not dependent on specific anchor groups present on
the MAO surface, which may facilitate peptide adsorption to the
different porous layers during immersion treatment. This distribution of
PEG and AMP along the MAO layers was proposed in Fig. 9.

The larger difference between the specimens treated or not with the
(bio)molecules was noticed for capacitance and n values corresponding
to the outer porous layers, as shown in Table 2 (dataset obtained from
the representative EIS spectra for each coating). The average values
accompanied by the respective standard deviations were reported in
Table S2, Supplementary Material. The impedance of a CPE is defined by
Eq. (2) [37,401, where Yy is the CPE admittance, j = /—1 is the
imaginary number, o is the angular frequency, and n is the dimension-
less exponential factor (— 1 <n < 1). The n values are influenced by
morphology, roughness, and irregularities of surface. Forn=1,n=0, or
n = —1, the CPE behaves as a capacitor, a resistor or an inductor,
respectively. All the coatings presented n values higher than 0.75,
describing a non-ideal capacitor (n = 1). Regarding the outer porous
layers, the ny,y values were higher for MAO-PEG and MAO-PEG-AMP
specimens as compared to MAO-control (statistical comparison is pre-
sented in Fig. S2, Supplementary Material), which may indicate that the
presence of the (bio)molecules makes the surface more uniform (less
surface heterogeneity).

Zepr = [Yo(jw)" " @)

The conversion of Q values (see Table S2 in Supplementary Material)
into C (capacitance) was performed. The Eq. (3), Eq. (4) and Eq. (5) were
derived from Brug's equation [41] and used to calculate Cyap, C1/2wall
and Cypy, respectively:

1h

Cwall = [Qwall Re(lin)} (3)

CLQwall = [Q1/2wall (Re + Refop)(l_m] " (4)
1 1 (n-1)7

o =lo((rrm) * (&) | ©

It was verified that the Cy, values were lower for MAO-PEG and,
mainly, MAO-PEG-AMP coatings comparing with MAO-control (statis-
tical comparison is presented in Fig. S2, Supplementary Material),
demonstrating the improvement in the corrosion behavior of the outer
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Fig. 8. Representative EIS spectra displayed as (a) Nyquist and (b) Bode diagrams for MAO-control, MAO-PEG and MAO-PEG-AMP coatings immersed in PBS at body

temperature.
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Electrolyte
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Re: electrolyte resistance

Re-op: additional electrolyte resistance (outer pore)

Rpf: barrier film resistance
Qpf: CPE of the barrier film

Re-jp: additional electrolyte resistance (inner pore)

Qwall: CPE of the outer porous wall
Q1/2wall: CPE of the inner porous wall

Fig. 9. Schematic representation of EEC used for fitting EIS results of the coatings. Adapted from [37].

Table 2
EEC parameters obtained from EIS spectra for all specimens.
Specimens Cor Dpf C1/2wall ny, Cwall Dyall
(x10°°F. (x10°F. owall (x107 F.
cm?) cm?) cm?)
MAO-control 1.91 0.80 3.87 0.84 1.89 0.79
MAO-PEG 2.30 0.82 3.73 0.83 1.42 0.86
MAO-PEG- 2.05 0.80 3.66 0.80 1.16 0.86
AMP

porous layers by the introduction of PEG-AMP. There is no difference for
the other parameters corresponding to the inner porous layer and barrier
film, which reinforces the influence of the (bio)molecules only on the
top regions.

Parfenov et al [42] have attached RGD tripeptide derivatives to MAO
TiO, coatings with a bisphosphonate linker. However, in their electro-
chemical tests, the corrosion resistance was deteriorated after the
introduction of organic molecules, increasing icorr from (9.45 + 0.80) x
10° to (2.16 + 1.12) x 10”7 A.cm? in Ringer’s solution. Using EIS, the
authors have stated that the corrosion mechanisms were altered with the
presence of the peptide RGD, proposing two different EECs. Without the
peptide, the EEC presented Re (electrolyte's solution), a porous oxide
layer (consisting in a CPE with a resistance R in parallel) and a Warburg

diffusion element (Wo) to account for diffusion processes occurring in-
side the pores in the coating. After peptide attachment, the authors
suggested a modification exclusively assigned to the barrier layer, where
the charge transfer mechanisms were influenced, by transforming the
diffusion-controlled process (described by Wo) into a kinetically
controlled process (described by a pair CPE2-R3 in parallel). Never-
theless, the validity of their EECs may be questionable. Diffusion control
is not very much expected in MAO-treated Ti (rate of metal oxidation,
for example, is expected to be very low) [37]. It also included an outer
porous layer resistance, but with a quite low value for this parameter
considering the large thickness of this layer; in contrast, the thin passive
oxide film from Ti bulk material presented a resistance greater by two
orders of magnitude. Moreover, the confirmed presence of peptide RGD
at the top MAO layers seems to be disregarded on the corrosion
evaluation.

3.3. Corrosion mechanisms

The corrosion mechanism of the MAO coating before and after post-
treatment with PEG-AMP is proposed in Fig. 10. Electrochemical results
indicate that MAO-control specimens exhibit the same corrosion
mechanism as MAO-PEG and MAO-PEG-AMP, with a slight improve-
ment in corrosion resistance following (bio)molecule immobilization.
According to previous work employing the same MAO processing
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Fig. 10. Suggested corrosion mechanism for MAO coatings (not treated or post-treated with PEG and AMP).

parameters [20], we found that the anodic coating presented a gradient
of Ca and P, with both elements being more concentrated in the outer
zones of the MAO layer. Moreover, the top surface consisted of calcium
carbonate and calcium phosphates. When exposed to a corrosive elec-
trolyte (PBS was applied to simulate the pH, osmolarity, and ion con-
centration of human body fluids), these Ca and P species gradually
leached into the solution over time. Post-treatment with PEG or
PEG-AMP may create a barrier between the MAO layer and the corrosive
medium, attenuating the dissolution kinetics of the bioactive species,
namely the major release of phosphorus observed in Fig. 6a. In partic-
ular, MSI-78 is a cationic peptide, with positively charged residues
distributed along its chain via lysine (K) amino acids (see Fig. 1). This
positive charge may attract phosphate ions (PO3) migrating outward
from the outer porous layer and help minimize their leakage into the

1.0

corrosive electrolyte. From a biomedical perspective, the sustained
regulation of phosphorus release may exert a beneficial modulatory ef-
fect on host cell responses.

Conversely, calcium can be released as Ca** species, and the presence
of cationic AMP may promote their leakage into the electrolyte through
repulsive forces. However, this potential effect was not clearly observed,
likely due to the relatively low dissolution of calcium compared with
that of phosphorus (Fig. 6b).

3.4. Tribocorrosion behavior
The evolution of OCP before, during, and after sliding together with

the COF are depicted in Fig. 11. All the conditions presented stable OCP
throughout the tribocorrosion experiment, suggesting that the anodic
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Fig. 11. Evolution of OCP and COF for MAO-control, MAO-PEG and MAO-PEG-AMP specimens during tribocorrosion tests.
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coating kept the protection of Ti bulk material. COF values were slightly
higher for the (bio)molecule-treated MAO coatings, reaching the highest
average values for MAO-PEG surfaces (0.44) and decreasing after AMP
adsorption (0.40), in contrast with MAO-control (0.36). However, no
abrupt fluctuations in COF profiles were observed during mechanical
solicitations. As reported in earlier studies [24,43], similar MAO Ti
coatings (without (bio)molecular functionalization) achieved higher
COF values (~0.6-0.7) when evaluated using the same alumina counter
body, even though the applied normal load was reduced by half (0.50 N)
in a 0.9 % NaCl medium.

Polymer-based materials have been used as lubricants through
different designs [44], including polymer brushes due to their unique
interface behavior. These polymer structures are molecular chains
grafted onto a surface, where one end is fixed, and the other end extends
outward as a brush-like configuration [44,45]. The conformation of
these polymer chains may be changed in response to the electrolyte pH,
as well as the concentration and type of ions of the electrolyte in contact.
Consequently, alterations in chain conformation can affect hydration
levels and then modulate the interfacial friction. Wei et al [46] have
proposed lubricating mechanisms for these structures: polymer brushes
in a stretched state (usually perpendicular to the grafted surface) could
improve the combination with water molecules, thereby showing su-
perior lubrication; on the other side, a more collapsed conformation of
the polymer chains can increase the friction between the sliding in-
terfaces. A similar behavior was verified for other polymer
brushes-grafted systems [47,48], even tuning lubricating properties
from ultra-high friction (COF ~ 1) to super lubrication (COF ~ 1073). In
this work, considering that there were no relevant differences in terms of
morphology between the specimen conditions, it is reasonable to assume
that the increase in COF values was assigned to the conformation of
large and bulky PEG chains grafted onto the MAO surface. These surface
polymer chains may be in a more collapsed and entangled state,
inducing different tribological contact and a subsequent increase in
friction. Further analysis of molecule conformation (through FTIR

G \Compa/;ted
7277 MAO layer
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and/or Raman spectroscopies, small-angle X-ray scattering) is needed to
better understand the PEG grafting state, which may be dependent on
the type of target substrate, size of molecule chain, and/or type of sur-
rounding electrolyte.

On the other hand, the AMP adsorption onto the PEGylated MAO
surfaces (MAO-PEG-AMP coatings) has slightly reduced COF values,
acting as lubricating complexes. Trino et al [7] observed a lower friction
for TiO rutile surfaces treated with peptide DMP1, implying some
lubricating nature of the peptides, which may improve shear-stress
distribution. The authors also suggested that the combination of pep-
tides with other organic molecules (such as spacers) at the surface may
result in distinct friction behavior, and thereby each surface function-
alization condition (peptide/spacer pairs) needs to be investigated
individually.

The wear scars of the coatings were observed by SEM in Fig. 12,
together with chemical investigation by EDS. Regardless of the (bio)
molecule immobilization, only two different zones were found on the
wear tracks: unaffected areas, represented by the zones Z1, Z2 and Z5,
where the porous structure seems to be preserved and composed of Ca
and P originated by the anodic treatment; the other areas (zones 72, 74
and Z6) are characterized by pores filled with wear debris (see Fig. S3 in
Supplementary Material), eventually forming a compacted MAO layer,
where Ca and P are still present, but also mixed with some components
from the electrolyte, such as Na, Cl, and K (peaks of phosphorus were
also increased, probably due to the presence of phosphates in PBS).

Taking into account the microstructural, structural, and tribo-
electrochemical analysis, all the surfaces seem to present the same
general tribocorrosion mechanisms, which resembled features previ-
ously reported in the literature [23,24,43,49]. As the counter-body
slides on the surface, the most protruded zones of the MAO layer are
prone to local mechanical damages, due to higher contact pressures with
the counter-body. The wear debris released from this partial destruction
can be compacted by the counter-body movement, covering the un-
derlying porous structures and eventually forming smooth zones on the

Compa,;ted
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Fig. 12. SEM images of the worn surfaces a),d) MAO-control, b),e) MAO-PEG, and c),f) MAO-PEG-AMP after tribocorrosion tests, together with EDS spectra taken

from selected zones.
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surface. In this contribution, the MAO layers seem to appropriately
withstand the loading forces, not allowing exposure of the substrate
likely by the mixture of crystalline TiO5 phases in the coating (Fig. 5),
namely anatase and rutile [22,24,43]. Extreme conditions of loading
were purposely applied (contact pressure of 410 MPa) to simulate the
worst scenarios and get better understanding of wear mechanisms, being
significantly higher than the ones reported for some permanent im-
plants, such as hip (3-9 MPa) [50] and knee (2-32 MPa) [51].

The normal load applied in this study (1 N), although higher than
that used in previous investigations [24,43,52], did not allow for a
quantitative determination of the wear rate. Mechanical degradation of
the MAO layers manifested as a mild polishing of the elevated regions
characteristic of the volcano-like surface morphology (Fig. 12 and
Fig. S3 in Supplementary Material). As a result, no well-defined wear
track could be identified or measured. Extending the test duration or
increasing the normal load may facilitate the formation of a measurable
wear track, thus enabling robust wear-rate determinations and
providing deeper insight into the tribocorrosion behavior of the
coatings.

The tribocorrosion performance can be further enhanced through
advanced MAO Ti surfaces, achieved by incorporating additives or solid
particles into the base electrolyte during the MAO process [53,54]. Such
modifications can alter the coating characteristics, leading to increased
thickness, reduced porosity (and thus greater compactness), improved
hardness, and even imparting a lubricating effect. Nevertheless, the
surface immobilization of (bio)molecules onto these specific MAO
coatings has yet to be investigated.

In summary, beyond cytocompatibility and antibacterial activity
previously identified [28], the sustained tribocorrosion performance
observed after PEG-AMP immobilization underscores the potential of
multifunctional surfaces. This outcome addresses a critical gap in the
current literature, by integrating mechanical and biological aspects with
equal priority to meet the complex requirements of next-generation
bone implants.

4. Conclusions

The effect of PEG and PEG-AMP on the corrosion and tribocorrosion
behavior of MAO TiO- surfaces was studied. The functionalization with
PEG and PEG-AMP did not alter the porous morphology and bulk
chemical composition (Ca/P ratio) of the MAO coatings. Corrosion
mechanisms were not significantly affected, but the corrosion resistance
was slightly improved by the immobilization of the (bio)molecules, as
evidenced by the capacitance values of the outer porous layer (Cyai)-
COF was slightly increased after functionalization with PEG and PEG-
AMP; however, all the coatings presented good tribocorrosion
behavior, protecting the Ti bulk material, as no variation on OCP was
observed during mechanical sliding, as well as there is no evidence of
metallic substrate exposure in the wear tracks.
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