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Protein adsorption and its conformational arrangements on the surface of metallic biomaterials directly influence
the biocompatibility and the degradation process during the implant lifetime. However, the presence of various
species such as phosphates, calcium and hydrogen peroxide (H,0,) in the human body not only control the elec-
trochemical interactions on the biomaterial surface but could also modify the protein adsorption process and
its impact on the metal degradation. To this aim bovine serum albumin (BSA) protein adsorption, morphology,
surface potential and its impact on the corrosion resistance of a Ti6Al4V alloy was investigated in different solu-
tions, including a sodium chloride (NaCl), a phosphate-buffered saline (PBS) and Hank’s physiological solutions.
The results indicated that the alloy in PBS solution was more resistant to corrosion than that in Hanks’ or NaCl
solutions. Mott-Schottky analysis demonstrated that all solutions containing BSA and H,0, had the highest donor
charge carrier. Scanning electron microscopy (SEM) and surface potential images indicated that by changing the
physiological solutions from NaCl to PBS and then to Hanks’, the morphology of adsorbed BSA protein changed
from a globular or unfolded shape to a large micronetwork and then to a fine micro-nanonetwork, accompanied
by a gradual increase in the surface potential. Moreover, it was figured out that the BSA protein/substrate inter-
face and the top surface of the BSA protein were susceptible to corrosion initiation owing to the different surface
potentials and thus are preferable sites for the adsorption of corrosive counterions, e.g., Cl~.

which can be influenced by the surface properties and environmental
conditions [7,8]. Moreover, the charge, concentration and hydropho-

1. Introduction

The adsorption of plasma protein on material surfaces during bioma-
terial implantation in the human body has been a predominant research
issue as it has a direct influence on the cellular response to the implanted
biomaterials [1-4]. Protein adsorption, adhesion, distribution, and con-
formational changes on the surfaces of the implanted materials, as well
as the interactions on bioactive sites, are among the first responses when
a biomaterial is embedded into the physiological environment, which
can, in turn, affect the biocompatibility of the implant [5]. The adsorp-
tion of proteins from a physiological medium is a dynamic and instan-
taneous process that can initially create a biofilm, which may then be
rearranged or detached [6].

Protein adsorption on solid surfaces is a complex process with dif-
ferent interactions involving electrostatic, hydrophobic, van der Waals,
and hydrogen bonding [7,8]. Both electrostatic attraction forces and hy-
drophobicity interactions have the highest impact on protein adsorption,

bicity of the protein, as well as the pH, ionic strength, and agitation of
the electrolyte, could control the adsorption mechanism [6,9].

Commercially pure titanium (CP-Ti) and Ti6Al4V alloys have been
widely used in orthopaedic, dental, and cardiovascular devices owing
to their excellent mechanical properties, including respectable fatigue
strength, low elastic modulus, high corrosion resistance, and biocompat-
ibility [10]. However, after implantation and depending on the exposure
time, metallic implants can have poor osseointegration and osteocon-
ductivity, along with aseptic loosening and metal ion release [10,11].
All these factors can lead to implant rejection.

Cathodic and anodic electrochemical reactions on the oxide films of
titanium and its alloys in physiological media lead to the reduction of
oxygen, resulting in some partial reactions with radicals and hydrogen
peroxide (H,0,) [12,13]. In particular, it has been demonstrated, by
electrochemical and immersion tests, that the presence of H,0, and al-
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bumin has a synergistic effect in increasing the corrosion rate of Ti6Al4V
alloys in NaCl electrolyte [12]. The activation of inflammatory cells, es-
pecially macrophages and neutrophils, which are the first cells adsorbed
on the implant surface, and oral bacteria trigger the production of reac-
tive oxygen species (ROS) and extracellular H,O, (uM-mM) with wound
healing performance [11,13]. Likewise, the constant formation of ROS
at the oxide layer/protein interface provides favourable conditions for
metal ion release and aseptic loosening of the implant [14].

The composition, amount, size, and conformational arrangement of
the protein-adsorbed layer are strongly dependent on the surface en-
ergy, topography, hydrophobicity, and chemical composition of the ox-
ide layer of the metallic implants [9]. Indeed, the structure and proper-
ties of the oxide layer (single or complex oxide layer with homogeneous
or heterogeneous distribution) on metallic surfaces could play a decisive
role in the protein adsorption mechanism. The outstanding corrosion re-
sistance and high biocompatibility of titanium and its alloys are related
to the thin passive film on the material’s surface, especially during con-
tact with physiological media [15]. J. P. Bearinger et al. studied exten-
sively the oxides formation on the surface of both commercially pure
Ti and Ti6Al4V under polarization conditions in physiological media
showing that the chemical composition distribution, the microstructure
and the electronic properties (n-type or p-type semiconductor charac-
teristics) of the formed oxides are influenced by the applied potential
and the chemical composition of the physiological medium [16]. The
characteristics of this passive film can significantly influence also the
protein adsorption or desorption as well as its conformational arrange-
ments. The kinetics and thermodynamics of adsorption or desorption
of proteins, as well as their conformational rearrangements, including
denaturation, spreading, and dissolution on solid surfaces, have been
studied by researchers using a variety of techniques, including Raman
[17], UV-visible [18], infrared (IR) [10], and sum-frequency genera-
tion (SFG) spectroscopies [19], X-ray photoelectron spectroscopy (XPS)
[5,15], ellipsometry [20,21], quartz crystal microbalance (QCM) [22],
atomic force microscopy (AFM) [4,23,24], and electrochemical mea-
surements [25-28].

Recently, scanning Kelvin probe force microscopy (SKPFM) was em-
ployed to determine the surface potential or work function energy (WFE)
of a material at the nano or atomic scale in a vacuum or air atmosphere
[29]. In this method, a conductive tip scans the considered surface with
DC and AC applied bias voltages between the tip and sample surface.
External bias feedback (surface potential difference) is used to match
the potential of the tip with respect to the sample surface, which trig-
gers nullification of the tip-sample electrostatic interaction [30]. Mate-
rials with a high WFE and surface potential reveal a more stable elec-
tronic state that restricts valence electrons from participating in elec-
trochemical reactions [31,32]. The main advantage of SKPFM is that
it is contact-less as compared to the conductive AFM (C-AFM) method,
which requires contact with the sample surface. SKPFM is thus appro-
priate for characterising the electronic properties of soft organic and
biological samples [33]. As reported by Sinensky et al. [34], avidin
molecules behaved with a higher surface potential with respect to the
substrate at neutral pH with an isoelectric point (IEP) of 10.5. Leung
et al. [35] showed that the positive surface potential of avidin com-
pared to the silicon matrix is due to the more negative charge of the
substrate surface.

The solution chemistry, type and concentration of ions and the pH
can alter the distribution of the charged and polar residues in the protein
structure and the IEP, which directly affect the electrostatic properties
of the protein [19]. Consequently, the surface potential distribution on
heterogeneous metal surfaces with various organic materials (proteins,
DNA, etc.) can be affected by the physiological environment composi-
tion and, in turn, determine the surface conductivity directly correlated
to the electrochemical activity.

In this study, we evaluated the effect of different simulated physio-
logical solutions, including a 0.9%wt. NaCl solution, phosphate-buffered
solution (PBS), and Hanks’ solution, along with an inflammatory condi-
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tion simulated by the addition of hydrogen peroxide (H,0,), on bovine
serum albumin (BSA) protein adsorption, conformational arrangement,
and surface potential distribution on a Ti6Al4V alloy. A direct compari-
son of the three most used solutions to simulate body fluids, highlighting
the role of the most important ions or inorganic species of the solutions,
on the corrosion resistance and on the passive film formation on the
Ti6Al4V alloy is performed for the first time also in presence of com-
pounds like BSA and H, 0, simulating inflammatory conditions. A multi-
characterisation approach was followed using electrochemical measure-
ments, especially Mott-Schottky (MS) analysis, scanning electron mi-
croscopy (SEM), XPS, AFM, and SKPFM to reveal and establish the BSA
protein interaction mechanism with the above mentioned species and its
role in corrosion phenomena occurring on a heterogeneous surface. MS
analysis is used to reveal the semiconductive properties of the passive
film and correlate them to the degradation mechanisms.

2. Material and methods
2.1. Sample preparation

Specimens with surface areas of 5 cm? have been used for electro-
chemical measurements and specimens with surface areas of 0.8 cm?
have been used microstructural characterisation and AFM and SKPFM
measurements. All specimens were cut from a bar of Ti6Al4V ASTM
F1472 alloy which chemical composition (wt.%) was 6.25 Al, 0.065 C,
0.23 Fe, 0.003 H, 0.01 N, 0.185 O, 4.45 V, 0.001 Y, Ti (balance). The
samples were mechanically ground and polished to a mirror-like sur-
face, washed with ethanol, ultrasonicated in acetone for 30 min, and
finally dried by air blowing before characterisation. All samples for sur-
face analysis and microscopic measurements were stored in a desiccator
at room temperature.

2.2. Electrolyte and electrochemical measurements

The electrochemical behaviour of the Ti6Al4V alloy was studied in
different physiological environments to reveal the effect of the solution
chemistry on protein adsorption, morphology, surface potential, donor
density, and corrosion initiation sites on the oxide layer of the Ti6Al4V
alloy. Thus, NaCl, PBS (different salts were purchased from Sigma-
Aldrich), and Hanks’ solutions (H 8264, Sigma-Aldrich) were prepared
as shown in Table 1. To investigate the electrochemical interaction and
morphological arrangements of BSA protein on the Ti6Al4V alloy sur-
face, 1 g L~! of BSA protein (lyophilised powder; >96% agarose gel
electrophoresis, Sigma-Aldrich) was dissolved in the abovementioned
solutions and the pH was adjusted to approximately 7.4. 100 pM H,O,
(PanReac Applichem, 30% w/v) was also added to some solutions to
simulate inflammation conditions [13].

Electrochemical measurements were carried out using an Avesta cell
according to the method of Qvarfort [36] and a conventional three-
electrode electrochemical cell to reduce or eliminate the crevice corro-
sion around the specimen holder and to control the temperature at 37 °C.
The measurements were conducted using an AUTOLAB PGSTAT 30 po-
tentiostat, a Ag/AgCl/KClsy, electrode (+222 vs. SHE) as the reference
electrode, and a platinum wire as the counter electrode. All electrochem-
ical measurements were performed after 1-h immersion in the solutions
to stabilise the open-circuit potential (OCP) and reach the steady-state
condition. The potentiodynamic polarisation (PDP) measurements were
carried out at a scan rate of 1 mV s~! from cathodic to anodic potentials.
Electrochemical impedance spectroscopy (EIS) measurements were per-
formed in the frequency range of 100 kHz to 10 mHz by applying a
sinusoidal excitation signal of +10 mV. The electronic properties of the
passive film on Ti6Al4V were investigated by MS analysis at 1 kHz fre-
quency in the potential range from —1 to 1 V vs. Ag/AgCl with an am-
plitude of +10 mV in all selected solutions.
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Table 1

Chemical composition and parameters of the NaCl, PBS and Hanks’ solutions.
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Solution  CaCl'2H,O (gL') MgSO, (gL!) KCl(gL') KH,PO, (gL') NaHCO; (gL!) NaCl(gL') Na,HPO, (gL') pH  Temperature ("C)
Nacl - - - - - 9 - 74 37
PBS - - 0.2 0.2 - 8 1.15 7.4 37
Hanks 0.185 0.097 0.4 0.06 0.35 8 0.047 7.4 37

2.3. Microstructure characterisation and AFM/SKPFM measurements

The protein adsorption on the passive film of the Ti6Al4V alloy was
studied using SEM and AFM/SKPFM techniques. The microscopy ob-
servations were performed after polarising the specimens to +0.2 V vs.
Ag/AgCl (in the passivity region) immersed in different physiological
environments with or without the addition of BSA protein or H,0, for
1 h. The SEM was a SM-7610FPlus instrument (JEOL) equipped with
an Oxford X-MAX20 energy-dispersive X-ray spectrometer (EDXS) and
the observations have been performed at a working distance of 15 mm,
an accelerating voltage of 5 kV, and secondary electron (SE) mode. The
AFM device was a Nanoscope Illa Multimode with an n-type doped sil-
icon pyramid single-crystal tip coated with PtIr5 (SCM-Pit probe). The
surface potential images were captured in dual-scan mode. In the first
scan, topography data were obtained using tapping mode, and in the sec-
ond scan, the surface potential was detected by lifting the tip 100 nm.
Topographic and surface potential images were obtained in air atmo-
sphere at 27 °C with an approximate relative humidity (RH) of 28%, a
pixel resolution of 512 x 512, zero-bias voltage, and a scan frequency
rate of 0.2 Hz.

The histogram and power spectral density (PSD) analysis based on
the multimodal Gaussian distributions (MGD) and fast Fourier transform
(FFT), respectively, were used to interpret the surface potential on the
heterogeneous surface affected by the differential BSA protein shape,
morphology, and WFE. The histogram and PDS analysis were performed
according to the procedure followed in previous works [37-39].

2.3. X-ray photoelectron spectroscopy (XPS)

The chemical composition of the surface layer on Ti6Al4V was
analysed by a PHI-5000 Versaprobe II (Physical Electronics) using a
monochromatic Al Ka X-ray source (1486.71 eV photon energy) and
a spot diameter of 100 pm to measure surface compositions up to ca.
10 nm in depth. The irradiation power of the X-ray beam was 25 W.
The kinetic energy of the photoelectrons was measured with a take-off
angle of 45°. The vacuum in the analysis chamber was approximately
1 x 107° Torr. The XPS results were analysed using the PHI Multipak
software (V9.0). High-resolution scans of C 1s, N 1s, O 1s, Ti 2p, Al 2p,
P 2p, and Ca 2p were obtained with a pass energy of 23.5 eV and a
0.05 eV energy step size.

3. Results and discussion
3.1. PDP and EIS measurements of the complex surface layer

The influence of phosphate and calcium species, as well as of BSA
protein and H,O,, on the resistivity of the oxide layer was investigated,
and the BSA protein adsorption and conformational changes during in-
teraction with the oxide layer on the Ti6Al4V alloy were evaluated.
The PDP curves of the Ti6Al4V alloy in NaCl, PBS, and Hanks’ solution
are shown in Fig. 1a—c, respectively. The key electrochemical parame-
ters such as the corrosion potential (E,,.) and corrosion current density
(i.orr) calculated by Tafel extrapolation, along with passive current den-
sity (ipass), are shown in Fig. 1d-f, respectively.

The addition of 1 g L~ of BSA protein led to a decrease in E,,, (of
about 80 mV) and a slight increase in i, (of about 0.04 pA cm?) in all
three physiological solutions. Likewise, a slight decrease in the cathodic

current was detected upon adding BSA protein. The BSA protein could
have inhibited the cathodic reactions (hydrogen or oxygen evolution) by
covering the active sites on the heterogeneous surface with chemisorbed
bonds [13,40,41]. An increase in both the passivity region and ipass (of
about 1.5 pA cm?) in the presence of BSA protein was observed in the
PDP curves. This can be attributed to the BSA protein molecules or com-
plexes that control the kinetics of metal ion release and reduction reac-
tions [42]. A similar effect has been observed for other implant mate-
rials, such as CoCrMo and stainless steel 316L, in various physiological
solutions [2,6,43]. This mechanism can be explained by the external do-
nation of hydrogen atoms through protonation to protein amino groups
on the Ti oxide layer that could trigger protein adsorption and covering
according to the following equation [40]:

Ti— OH+NH} — Ti - OH! : NH, - R 0

Moreover, the i, of the Ti6Al4V alloy in the PBS media presented a
slightly lower value than that in the Hanks’ or NaCl solutions (0.18y,c>
0.14pnks > 0.12pps uA cm™2), as presented in Fig. le. It can be sup-
posed that the phosphate species, which has a higher concentration in
PBS than in Hanks’ solution, can adsorb onto the TiO, oxide layer with
the formation of a thin and compact film, thus reducing the activity or
charge transfer through the TiO, oxide layer [42,44]. In fact, the Ti-OH
bond is replaced by a Ti-OP bond, changing the basic hydroxyl group
into H,PO, and/or HPOi‘ and leading to the formation of a strong com-
plexation bond with Ti on the passive film [41]. When a Ti6Al4V alloy is
immersed in Hanks’ solution, the first stage is the formation of calcium-
phosphate, which occurs by preferential adsorption of phosphate ions
on the TiO, oxide layer [45]. The growth of the TiO, oxide layer is ac-
companied by hydration, creating TiOH groups at the oxidised surface,
which leads to the binding of calcium ions (Ca*) to the hydrated oxide
layer or electrostatic interaction with 01 [25,46].

The Ti6Al4V alloy showed a very small active/passive peak in the
PDP curves obtained in both the PBS and Hanks’ solution environments
owing to the formation of Ti3* [12]. The addition of BSA protein to PBS
and Hanks’ solution led to a decrease in the active/passive potential
peaks (inserted images in Fig. 1b and c) from 69 to 1 mV vs. Ag/AgCl
and from 56 to —9 mV vs. Ag/AgCl, respectively.

The addition of H,O, to all environments led to an increase in both
Eo (of about 200 mV) and i, (of about 0.2 yA cm~2) as shown in
Fig. 1d and e, respectively. The most marked effect was the increase in
irass compared to that of the base solutions. Because H,0, has a high
standard electrode potential (1.54 V vs. SCE), its reduction provides a
more positive E.,,, and higher cathodic current densities [12]. Accord-
ing to previous studies [47-50], H,O, has a negative effect on the corro-
sion resistance of Ti implant materials, creating rough surfaces because
of the selective dissolution of the g-phase. Under harsh inflammatory
conditions, which were simulated by adding BSA+H,0, to the three
different solutions, a decrease in the cathodic current density and E,,
with respect to the addition of only H,O, was detected owing to the role
of BSA protein as a complex agent with oxides or corrosion products on
the TiO,, film.

Fig. 2a—c represent the Bode phase and Bode magnitude diagrams
of the Ti6Al4V alloy in NaCl, PBS, and Hanks’ solutions, respectively.
The Ti6Al4V samples in the three physiological solutions show only a
one-time constant in the frequency range of 0.01-100 kHz. The fitting
process of the EIS measurements was carried out using the ZView soft-
ware package and the results are presented in Table 2. The equivalent
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Fig. 1. PDP plots of Ti6Al4V alloy after 1-h immersion in (a) NaCl, (b) PBS, and (c) Hanks physiological solutions with the addition of either BSA or H,0, or both
at 37 °C, pH 7.4, and aerated conditions, (d) Ecorr, (e) icorr and (f) ipassive values as calculated from the PDP curves.
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Table 2

Fitting data obtained from EIS measurements in Fig. 2 using an R(RCPE) equivalent elec-

trical circuit.

Condition

R, (Q.cm?) R, (KQ.cm?)

CPEy (WF S em™)  nyy
NacCl
NaCl 86 +5 159 + 6 34 +2 0.92 + 0.02
NaCl+ BSA 128 £ 5 147 + 10 29«3 0.91 + 0.02
NaCl+ H,0, 87 +8 104 + 6 30+ 4 0.88 + 0.01
NaCl+ BSA+ H,0, 95 +6 91 + 12 35+6 0.88 + 0.02
PBS
PBS 119 + 8 221 +8 35+4 0.90 + 0.02
PBS + BSA 106 + 4 200 + 4 20+ 8 0.88 + 0.03
PBS + H,0, 109 + 3 151 + 8 312 0.89 + 0.02
PBS + BSA+ H,0, 118 £ 5 129 + 5 28+6 0.88 + 0.03
Hanks
Hanks 126 + 4 212 + 11 38 +4 0.89 + 0.02
Hanks + BSA 104 + 7 168 + 10 25+7 0.90 + 0.01
Hanks + H,0, 115+ 8 119 + 8 29 +3 0.88 + 0.02
Hanks + BSA+ H,0, 107 +5 106 + 11 28 +3 0.86 + 0.02
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electrical circuit includes Ry as the solution resistance, Rg,, as the re-
sistance of the complex layer (protein—passive film), and CPEy, as the
constant-phase element of the double layer or the complex layer. CPE is
used instead of a capacitor because the capacitive elements have non-
ideal behaviour owing to surface roughness and heterogeneity during
BSA molecule or complex interactions [43]. According to the litera-
ture [41,51], a Ti alloy is composed of two oxide layers, with a porous
outer layer and a barrier inner layer. However, the outer layer in this
study was not clear and integrated into a complex layer with phosphate,
calcium-phosphate, protein, and protein-metal species or in the form of
an inhomogeneous region.

The Bode modulus diagrams in NaCl solutoin, PBS, and Hanks’ so-
lution revealed that the inflammatory condition simulated by BSA pro-
teins and H, O, led to a slight decrease in the corrosion resistance of the
Ti6Al4V sample. It should be considered that BSA strongly adsorbs onto
the TiO, oxide layer by chemisorption through a carboxylate-amino acid
group with electrostatic or hydrophobic interactions and that it controls
the kinetics of electrochemical reactions [12]. Therefore, the Ti6Al4V
samples in the BSA/H,0, solutions showed the lowest corrosion resis-
tance and were more susceptible to metal ion release. Likewise, a slight
shift in the magnitude of the phase angle from 80° to 75° can be seen
in the BSA/H,0, integrated inflammatory condition owing to the de-
crease in the dielectric properties and their effect on the capacitance of
the oxide layer.

3.2. Mott-Schottky analysis of complex surface layer

The semiconductor characteristics of the passive film on Ti6Al4V
alloy and the donor or acceptor density were measured in the different
physiological environments by the capacitance (space charge region and
Helmholtz double-layer)/solution interface with respect to the applied
potential at 37 °C, pH 7.4. The MS analysis is explained by the following
equation [52]:

1 1 2 ( kT )’

— ==z E-E, -
Ci’C CIZ_I SEOeNd ora / e

(@)

where Cy is the space charge capacitance, Cy is the capacitance of
the Helmholtz double-layer, E is the applied potential, ¢ is the di-
electric constant of the passive film, ¢, is the vacuum permittivity
(8.854 x 10~14 F cm™1), e is the electron charge (1.6 x 10~1° C), Ny isthe
donor density, N, is the acceptor density, Eg, is the flat band potential,
and k and T are the Boltzmann constant and absolute temperature, re-
spectively. As mentioned above, the C-2 magnitude is a reflection of the
total capacitance value at the oxide surface/electrolyte interface into the
space charge region, the Helmholtz layer, and the non-uniform or het-
erogeneous protein adsorbed layer (only in the protein environment).
Because the physicochemical interactions of protein molecules such as
adsorption and detachment are dynamic processes, the different poten-
tial sweeping on MS can significantly affect these interactions [53,54].
Hence, we can state that the major part of the C~2 magnitude is related
to the space charge capacitance of the oxide layer.

According to previous studies [12,25,51,55], the passive film on Ti
and its alloys is a mixture of TiO (close to the metallic substrate), TiO,,
and Ti,O3 (on the top of the passive film), which can affect protein
adsorption, conformational alternation, and electron transfer for elec-
trochemical reactions. The low donor density value explains the elec-
trochemical reactions at the TiO, passive film/solution interface, which
can be inhibited by reducing the charge transfer. The intensity of donor
density is related to the density of the oxygen vacancies or the interstitial
distribution of Ti or Al in the passive film region [56]. Thus, the decrease
in the formation rate and transfer velocity of oxygen vacancies along
with Ti interstitials enhances the stability and protective behaviour of
the passive film with low mass transfer [57]. As shown in Fig. 3, all
three basic solutions demonstrated an increasing trend in the C~2 mag-
nitude (decline in space charge region) at the approximate potential of
0V vs. Ag/AgCl owing to the transfer from the active region to the pas-
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sive region. The linear region with a positive slope represents the n-type
character of the semiconductor properties of the passive film [55]. The
BSA protein slightly decreased the C~2 magnitude in the potential range
of —1 to 0.1 V vs. Ag/AgCl in all tested environments. After 0.1 V vs.
Ag/AgCl, in the BSA protein environments, there was a slight decrease
in the C~2 magnitude, which can be attributed to the effect of BSA pro-
tein adsorption on the passive film and especially on the distribution of
charge carrier densities. To calculate the N; value, ¢ was considered to
be 80 in agreement with previous studies [58]. N; was calculated by
fitting a straight line on the positive slope into the following equation
[59]:

=2
N, eegy’

3

where « is the slope in G2 versus the applied potential. The results of
the fitting process on the Mott-Schottky curves are shown in Fig. 3d.

Adding H,0, triggered an increase in the G2 magnitude in all three
solutions and at all applied potentials. H,O, in the presence of phos-
phate or calcium-phosphate could modify the TiO, oxide layer and
thicken it [11]. Protein molecules with complex effects could damage
the TiO, oxide layer during the interaction with H,0O,, increasing the
material degradation [9]. The adsorbed protein on TiO, oxide can shift
the Ep, to more negative values and increase Ny owing to local alkalisa-
tion of the (hydr)oxide surface groups on TiO, [60]. In fact, the adsorbed
layer of BSA proteins can strongly affect the space charge region, which
is directly related to the charge carrier density in the conduction band
[60]. The donor density of the film formed on the Ti6Al4V in the three
tested base solutions follows the order PBS<Hanks’s<NaCl in all condi-
tions. Adding BSA and H,0, in all tested environments increased Ny, as
shown in Fig. 3d. As a result, we can state that both BSA protein and
BSA/H,0, environments provide a higher dissolution rate owing to the
increase in the number of defect sites and the higher rate of mass trans-
port through the oxide region, which decreases the protective properties
in accordance with the PDP and EIS results.

Throughout the range of applied potentials, especially between —1 V
and 0.1 V vs. Ag/AgCl, specimens immersed in Hanks’ solution showed
a higher C~2 magnitude than those immersed in PBS and the NaCl so-
lution. This is due to the calcium-phosphate complex layer formed on
the TiO, oxide layer, which acted as a protective layer that inhibited
the electrochemical reactions and blocked the mass transportation of
oxygen or reaction products on passive film [28]. Likewise, BSA pro-
teins tended to bind with the calcium-phosphate complex layer. More-
over, the phosphate compounds absorbed on the passive film and formed
metal-phosphate complexes, which led to a decrease in i, or acted as
an anodic inhibitor, shifting E_,.,. to more positive values.

3.3. Protein—oxide surface complex analysis by XPS

A complementary study was carried out by XPS surface analysis to
reveal the significant role of phosphate and calcium species, BSA pro-
tein adsorption, and H,O, interaction on the complex oxide layer on
the Ti6Al4V alloy. The individual high-resolution spectra of elements
are shown in Fig. 4 to highlight the the BSA protein adsorption and
the H,O, influence on the metal ion release and chemical composi-
tion distribution of the surface layer. Moreover, the element content
distribution in the surface layer calculated from XPS results is shown
in Fig. 4h. Two separate Ti peaks were detected on the Ti spectrum
at binding energies of 464.8 + 0.4 eV and 459.1 + 0.8 eV, which are
attributed to Ti** 2p, ,, and Ti** 2ps,, respectively, in form of TiO,
oxide [61]. Likewise, at a binding energy of 74.8 + 0.6 eV, a sharp
peak of the Al 2p spectrum was distinguished for the Al oxide [62]. The
O 1s spectrum showed two dominant individual peaks that originated
from oxide (0%7) at 530.4 + 0.8 eV and hydroxide or hydroxyl groups
at 532.1 + 0.4 eV arising from metal oxides and oxidised surface car-
bon [63]. The main content of the C spectrum originated from airborne
carbon or contamination. According to previous studies [15,61], BSA
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H,O0, or both at 37 °C, pH 7.4, and aerated conditions, (d) Donor carrier density in the passive film of Ti6Al4V alloy in the different physiological solutions.

protein is included in CO-NH peptides and in amino (-NH,) and car-
boxyl (-COOH) groups. Thus, the C 1s peaks can be deconvoluted into
three peaks at 284.5 + 0.9 eV, 285.8 + 0.8 €V, and 287.7 + 0.9 eV, which
are related to mainly C-C and C-H bonds, peptidic residues or C-O and
C-N bonds, and N-C=0 bonds, respectively [4,64]. Therefore, we can
conclude that the higher C and N intensity peaks on the surface layer
in all BSA solutions are due to BSA protein adsorption on the surface
oxide. Ca spectrum peaks only appeared in Hanks’ basic solution with
two individual peaks at 347.6 + 0.1 eV and 351.6 + 0.2 eV, which are
attributed to Ca%* 2p;,, and Ca?* 2p, ,, respectively [65]. P spectrum
peaks (P 2p3 peak) were well distinguished for PBS and Hanks’ basic
solution at a binding energy of 133.6 + 0.5 eV [66].

By changing the solution chemistry from NaCl to PBS and Hanks’ so-
lutions, the Ti and Al spectra represented the same approximate Ti and
Al contents on the surface layer, whereas the O spectrum increased on
the surface oxide (Fig. 4h). However, with the addition of BSA protein
to the three basic solutions, the amount of Ti on the surface oxide de-
creased and finally reached the lowest value in BSA+H,0,-containing
solutions. However, the Al in the PBS+BSA solution showed a lower
value than that in PBS, and again the content increased slightly in
the PBS+BSA+H,0, solution owing to the preferential dissolution of
Ti [62]. A higher amount of Ti on the surface layer in both PBS and
Hanks’ solutions under BSA and BSA+H,0, conditions was observed in
comparison with the NaCl solution. Likewise, a decrease in the P and
Ca contents by adding BSA and BSA+H,O, to PBS and Hanks’ solutions
was observed. Comparing the three base solutions with BSA protein, the
C and N contents followed the order NaCl > Hanks’ > PBS. The C and N
contents in the surface layer increased by adding H,O, to the solutions
containing BSA, indicating higher protein adsorption [62]. As a result,

for all solutions with BSA+H,0,, the lowest Ti and Al contents and the
highest C and N contents were observed. This is because H,O, as an
oxidising agent leads to the formation of a TiIOOH defective complex or
a H,0,-TiO, complex, which enhances the Ti and Al release process,
especially from phosphate and calcium complexes that are bonded to Ti
oxides [62,67].

In the PBS environment, HPOi‘ and H,PO] are dominant species
that can easily adsorb onto TiO, oxide to form a thin phosphate-complex
film. However, CaO and Na3PO, or Na,HPO, in Hanks’ media tend to
adsorb onto the TiO, oxide [66]. According to previous studies, we can
deduce that the presence of Ca 2p3 at a binding energy of 347.6 eV is at-
tributed to CaHPO, [68], whereas P 2p3 at a binding energy of 133.6 eV
originates from HPOi’ or Na,HPO, [69]. Therefore, the thin and rich
layer of phosphate species formed in the PBS solution on the TiO, oxide
offers better protection, hindering the release of Ti and Al ions or block-
ing the mass transport as compared to the NaCl and Hanks’ solutions
with CaHPO, [42]. The BSA protein in the NaCl solution had a higher
adsorption rate than that in PBS and Hanks’ solutions, which is related
to the competition between the protein and the phosphate and calcium
species. However, it should be noted that both BSA molecules and phos-
phate species have negative zeta potentials [2]. In fact, the phosphate
and calcium species are smaller and move faster, thus bonding to the
surface oxide better than the large protein molecules. This decreases the
amount of protein on the surface layer due to the shielding or repulsing
of protein molecules.

Likewise, the PBS solution showed slightly lower C and N contents
(adsorbed proteins) than the Hanks’ solution arising from the surface
chemistry and electronic properties of the adsorbed phosphate species
(discussed in the next section). Therefore, the formation of metal-
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Fig. 4. XPS spectra of (a)Ti 2p, (b) Al 2p, (c) O 1s, (d) C 1s, (e) N 1s, (f) P 2p, and (g) Ca 2p electron energy regions on Ti6Al4V alloy after polarising at 0.2 V vs.
Ag/AgCl for 1-h in NaCl, PBS, and Hanks solutions with or without BSA and H,0O,, (h) Relative % of elements in the surface oxide calculated from XPS spectra.

protein complexes and not compact films is more probable on the surface
layer in the Hanks’ solution. Consequently, the higher the i . value, the
lower the resistance to charge transfer. The higher density of charge car-
riers on the Ti surface oxide in NaCl solution is attributed to the high
amount of adsorbed BSA protein on the surface oxide, which can lead to
protein—metal complex detachment. A schematic representation of the
different phenomena occurring on the surface of the Ti alloy immersed
in different environments is shown in Fig. 5.

3.4. Surface potential and protein conformational arrangement

3.4.1. Analysis of the as-polished alloy

The heterogeneous surface of Ti6Al4V with a- and p-phases during
exposure to the simulated environment can show different adsorption
mechanisms of the various ions and protein species, protein conforma-
tions, and metal ion release processes. This is because the oxide layer on
the different metal phases could have different chemical compositions,
nanometric roughness, and WFEs with occupied and unoccupied den-
sities of state, which can control the abovementioned parameters [70].
Therefore, SKPFM measurements were used to measure and correlate
the morphology and surface potential of individual a- and g-phases ac-
cording to different adsorption contents of protein and metal ion species.

Fig. 6 shows the topography and surface potential, respectively, of
the air-formed passive film on the as-polished surface of the Ti6Al4V
alloy. The surface potential image clearly distinguishes the a- and g-
phases as separate regions with different WFEs as the nobility criterion.
The diverse nobility of the - and p-phases is related to the different
elemental distributions and WFEs. According to the literature [71,72],
the g-phase, which has a higher vanadium content, has a higher relative
surface potential and acts as a nobler phase than the a-phase, which has

a higher aluminium content. Vanadium has a higher WFE, 4.3 eV, in
comparison to aluminium, which has a WFE of 4.26 eV in the polycrys-
talline condition [73]. According to EDX analysis, the g-phase contained
13.38% V and 4.79% Al, whereas the a-phase contained 2.28% V and
6.87% Al. Therefore, the a- and p-phases have different tendencies to
transfer the valance electrons to electrochemical reactions at the passive
film/solution interface, which in turn leads to a microgalvanic driving
force for corrosion attack with active (anode) and noble (cathode) sites.
Al and V ions released from Ti6Al4V surfaces can diminish normal bone
healing processes, which leads to a negative effect on osteoblast cell be-
haviour [74]. It must be noted that vanadium stabilises the p-phase, and
its oxide layer is harmful to the human body [51].

3.4.2. Effect of BSA protein under polarisation in different environments
The SKPFM and SEM micrographs of the Ti6Al4V specimens after
1-h polarisation at 0.2 V vs. Ag/AgCl in the three base solutions con-
taining BSA protein at 37 °C are shown in Fig. 7. The presence of BSA
protein in both the PBS and Hanks’ solution led to a particular confor-
mational arrangement of BSA protein with a fibrillar or network mor-
phology on the surface layer in comparison with the NaCl solution, as
shown in Fig. 7b and c. In the NaCl solution, individual a- and g-phases
were detected with a new Volta potential distribution (Table 3), with no
evidence of protein cluster morphology, as observed in PBS and Hanks’
conditions. In PBS and Hank’s solutions, no differences between the a-
and p-phases could be distinguished and the BSA was adsorbed on the
surface in the form of a dense network or cluster shape, as shown in both
the SKPFM maps (darker regions) and SEM images. Additionally, two
separate regions were detected, including protein-enriched regions and
matrices (including both a- and p-phases), which were deconvoluted in
the form of bimodal peaks in the histogram curves in Fig. 8a. The pro-
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Fig. 5. Schematic representation of the role of the different species present in the tested environments and their influence on the BSA protein adsorption on the

surface of Ti6Al4V and metal ion release.

Fig. 6. (a) topography and (b) surface potential maps of polished Ti6Al4V alloy, (c) FESEM image of etched Ti6Al4V alloy.

tein enrichment region in PBS solution clearly exhibits a low surface
potential or surface charge (as a criterion for electronic conductivity),
with a mean value of 40.5 mV, as compared to the matrix or passivated
film at 52.2 mV (Table 3). According to the literature [18], BSA pro-
tein (known as a low-conductive protein) exhibits low charge transport
or electronic transport (ET) efficiency in comparison with other proteins
such as azurin and bacteriorhodopsin (BR), with a high ET bias bandgap
in the current-voltage curve (I-V).

The electrostatic surface potential of proteins and DNA molecules
is governed by the surrounding surface charge and isoelectric point
(IEP) [35,75]. The IEP is defined as the degree of the relative proton

affinity of a molecule, which has an opposite correlation with the elec-
tronegativity. Additionally, the pH value, which is a measure of the pro-
tein surface charge, has a minimum value that can be defined as IEP
[19]. Consequently, it can be said that the BSA protein with a fibrillar
or network morphology has a low surface potential, which represents
a low isoelectric point (~5.4 and ~5.2 for theoretical estimated and
bulk measured, respectively [6,19]), which can affect the concentration
of the charge carriers at the atomic and molecular levels of the BSA
structure. The conformational or structural pattern changes of a pro-
tein molecule from globular to a network morphology is related to the
chemical properties of the substrate, and migratory parameters lead to
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Fig. 7. Surface potential maps and SEM images of Ti6Al4V alloy polarized at 0.2 V vs. Ag/AgCl for 1-h in (a, d) 0.9% NaCl, (b, e) PBS, and (c, f) Hanks physiological

solutions with 1 g L~! BSA protein.
Table 3

Extracted Gaussian distribution parameters from the surface potential histograms in Fig. 7.

Region label Constituents” Mean value of surface potential (u,mV)+ standard deviation (¢,mV)
Ti6Al4V alloy a-phase 343 + 125
p-phase 48.5 + 34.6
PBS+BSA Protein cluster 40.5 + 16.5
Matrix (¢ and g-phase) 52.2 + 94
Hanks+BSA Protein+ a-phase 324 +11.8
p-phase 39.6 + 6.4
NaCl+BSA a-phase 146 £ 7.1
p-phase 18.7 + 8.3
PBS+BSA+H,0, a-phase 46.5 + 12.2
p-phase 54.1 + 21.3
Hanks+BSA+H,0,  a-phase 347 £ 89
p-phase 45.6 + 8.5
NaCl+BSA+H,0, a-phase 155 + 6.5
p-phase 198 £ 7.8

* The surface potential of « and g phases in BSA and BSA+H,0, conditions is influenced by the adsorbed BSA.

a suitable adhesiveness level for improving fibroblast motility [76,77].
The molecular shape of the BSA protein is ellipsoidal, with dimensions
of 4 nm x 4 nm x 14 nm [24]. Depending on the protein features and sur-
face properties, the adsorption type of the BSA monolayer is side-on and
end-on [18]. Stobiecka et al. [23] indicated that BSA on highly ordered
pyrolytic graphite (HOPG) has a network morphology in comparison to
a globular shape on Au because of the free diffusion and association
into large assemblies with high self-interaction energies. Previous stud-
ies have shown that depending on the solid surface properties and en-
vironmental conditions, protein molecules can adsorb into co-operative
adsorption with the growth of two-dimensional surface clusters that are
densely ordered, leaving some uncovered regions, which is consistent
with our SKPFM results [78,79].

The BSA protein in the Hanks’ solution showed a finer network mor-
phology in comparison with PBS media, whereas small regions with
higher Volta potential correspond to the underlying g-phase grains
that remain distinguishable. Based on image analysis, BSA proteins in
PBS and Hanks’ solution covered approximately 50% and 56% of the
Ti6Al4V surface, respectively. Nevertheless, the BSA protein network

in the Hanks’ solution represented a smaller net size in the range from
200 nm to 5 pm, whereas the net size in the PBS solution was much
larger, between 2 and 20 pm. Moreover, the protein regions in the PBS
solution presented a higher surface potential (40.5 mV) than in those in
Hanks’ solution (32.4 mV), as reported in Table 3.

The PSD analysis (Fig. 8b) showed the heterogeneous distribution of
the surface potential with respect to the spatial frequencies. The lowest
and highest spatial frequencies were related to higher surface poten-
tial constituents (matrix, a-, and g-phases) and BSA proteins with lower
surface potential distribution, respectively [37]. Two-dimensional PSD
mappings (Fig. 8c) showed the surface potential distribution of vari-
ous constituents (protein, a-, and f-phases) versus spatial frequencies in
the x—y direction. By sweeping from fresh Ti6Al4V up to PBS, the ho-
mogeneous distribution on the surface potential at all frequencies, espe-
cially at high frequencies, decreased owing to the formation of large and
dominant protein regions [80]. Indeed, the large circle in fresh Ti6Al4V
represents the homogenous distribution of a- and g-phases with various
surface potentials at different spatial frequencies. In the NaCl condition,
a wider and more uniform distribution of surface potential of all con-
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Fig. 8. (a) Surface potential histogram based in MGD, (b) PSD plots related to Fig. 7 and (c) 2D PSD maps of surface potential related to Fig. 7.

stituents was detected compared to the Hanks’ solution and PBS with a
small circle and semi-homogenous distribution of surface potential ow-
ing to the dominant BSA protein region that covered the matrix.

3.4.3. Effect of the polarisation in the different environment containing
BSA+H,0,

The SKPFM maps of Ti6Al4V specimens after 1-h polarisation at
0.2 V vs. Ag/AgCl in the three base solutions containing BSA protein
and H,0, at 37 °C are shown in Fig. 9. The H,0, agent significantly
hindered the adsorption of BSA protein molecules on the surface, form-
ing thick films in all environments to clearly detect the individual a-
and p-phase grains. The surface potential values were slightly higher
than those detected in solutions containing only BSA. Likewise, the total
surface potential differences on the Ti6Al4V surface in the BSA+ H,0,
solutions followed the trend NaCl < Hanks’ < PBS. To better observe the
BSA features on the Ti6Al4V passivated surface, higher-magnification
SKPFM images are shown in Fig. 9d—f.

As presented in the higher-magnification SKPFM images, higher sur-
face coverage with BSA protein was noticed in Hanks’ solution as com-
pared to that in PBS solution, 51% and 40%, respectively. In addition,
the morphology of the protein on the surface was different; in NaCl
solution, the protein was in the form of aggregates (dark regions in
Fig. 9d), whereas in PBS and Hanks’ solutions, the protein presented
a network morphology. As mentioned above, the primary adsorbed thin
layer of phosphate and calcium-phosphate complex can provide appro-
priate conditions for BSA protein adsorption and control the migration
and conformational arrangement of protein molecules. In comparison
with the Volta potential maps obtained in solutions without H,O,, the
adsorbed film seemed to be thinner as the g-phase regions with higher
surface potential were still distinguishable.
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As shown in Table 3, the a- and p-phases showed higher surface
potentials in PBS solution (46.5 mV, and 54.1 mV/, respectively) than
in the Hanks’ and NaCl solutions, with values of 34.7 mV, .15, 45.6
MV Hanks and 15.5 mV, nacr; 19.8 MV nacr, Tespectively.

3.5. Degradation occurrence on complex oxide layer

The particular morphological distribution of BSA protein and the
differences in the surface potential could trigger localised corrosion. To
investigate this, SEM micrographs at higher magnification of the marked
areas in Fig. 7e are shown in Fig. 10a and b. Localised corrosion attacks
(arrows) are observed at the interface protein/substrate interface ow-
ing to the formed crevices and the differences in the surface potential.
This can be explained by various degradation mechanisms considering
the metal ions releasing of metallic implants during interaction with
proteins, especially human serum albumin (HAS) and BSA proteins as a
consequence of (1) shielding effect or inhibiting the cathodic reaction,
(2) attracting counterions, (3) a complexation process with the various
oxide constituents, and (4) the Vroman effect, as presented schemati-
cally in Fig. 10c.

Some properties, such as the physiological environment and surface
chemistry, have a direct effect on the degradation mechanism time. The
shielding effect explains that the BSA protein initially decreases the re-
lease of metal ions by inhibiting the cathodic reactions on the passive
film. However, with time (milliseconds to years), it provides a suit-
able condition for increasing the metal ion release process [9,44]. The
BSA protein or BSA micronetwork/passive film interface is an attrac-
tive site for easier adsorption of the counterions (aggressive ions such
as Cl17). This can lead to penetration within the BSA protein layer and
then into the BSA protein/passive film interface and finally promote lo-
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Fig. 10. (a and b) SEM images of adsorbed BSA protein on Ti6Al4V detected after 1-h polarisation at 0.2 V vs. Ag/AgCl in PBS solution containing 1 g L~! BSA
protein at 37 °C (marked areas in Fig. 7e, (c) Schematic representation of localized corrosion mechanism on passive metal in presence of BSA protein.

calised corrosion of the passive layer [35]. The BSA protein can create
complexes with metal or metal-oxide species on passive films, which in
turn triggers more degradation and formation of metal-protein conju-
gates [43]. The Vroman effect indicates that the detachment of metal-
protein bounds is under the control of the exchange process of adsorbed
proteins, which finally leads to enhancing the corrosion rate.
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4. Conclusion

The present study contributes to an understanding of the role of dif-
ferent physiological solutions on the protein adsorption mechanism, dis-
tribution/morphology, and surface potential on a/f surface phases in
Ti6Al4V using SKPFM, XPS, SEM, and electrochemical measurements.
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The electrochemical measurements results indicated that the alloy
is more resistant to corrosion in PBS solution in comparison to Hank’s
and NaCl. The addition of BSA leads to a slight increase of the corro-
sion current density and the passive current density in all tested solu-
tions, whereas a more marked increase is observed by adding H,0O, or
both BSA and H,0,. These results are correlated to the semiconductive
character of the formed passive film. Indeed, Mott-Schottky analyses
demonstrated that under inflammatory conditions (BSA+H,0,) an in-
crease of the donor density of the passive film formed was noticed in all
environments. XPS analyses and SKPFM maps revealed that specimens
polarized in the NaCl environment containing BSA+H,0, presented the
highest protein covering, the lowest Ti and Al contents in the passive
film and the lower surface potential compared to the other solutions.
The morphology of the adsorbed protein changed from globular to a
large micronetwork (PBS) to fine micro-nanonetworks (Hanks’), along
with increasing the surface potential. According to the SKPFM and SEM
images, the different interfaces including protein/a- or f-phases and the
top surface of BSA protein were the susceptible sites for corrosion ini-
tiation owing to different surface potentials and suitable places for the
adsorption of counter ions, e.g., Cl~.

Summarizing the results of the electrochemical and surface analyses
techniques it could be stated that the adsorption of protein on the sur-
face of Ti6Al4V increases the degradation rate in all human body simu-
lating solution and this effect is more intense in inflammatory conditions
(presence of H,0,). On the other hand, the presence of phosphate and
calcium species contributes to the formation of a more protective layer
due to their adsorption on the alloy surface. This hinders the adsorption
of BSA protein, decreasing the corrosion rate.
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