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ARTICLE INFO ABSTRACT

Keywords: The formation of a protein nano-biofilm, which exhibits a special electronic behavior, on the surface of metals or
Albumin protein adsorption oxide biomaterials considerably influences the crucial subsequent interactions, particularly the corrosion and
SKPFM

biodegradation processes. This study discusses the impact of electrical surface potential (ESP) of a single or nano-
biofilm of albumin protein on the electrochemical interactions and electronic property evolutions (e.g., charge
carriers, space charge capacitance (SCC), and band bending) occurring on the surface oxide of CoCrMo implants.
Scanning Kelvin probe force microscopy (SKPFM) results indicated that ESP or surface charge distribution on a
single or nano-biofilm of the albumin protein is lower than that of a CoCrMo complex oxide layer, which hinders
the charge transfer at the protein/electrolyte interface. Using a complementary approach, which involved per-
forming Mott-Schottky analysis at the electrolyte/protein/oxide interface, it was revealed that the albumin
protein significantly increases the SCC magnitude and number of n-type charge carrier owing to increased band
bending at the SCC/protein interface; this facilitated the acceleration of metal ion release and metal-protein
complex formation. The nanoscale SKPFM and electrochemical analyses performed in this study provide a
better understanding of the role of protein molecules in corrosion/biodegradation of metallic biomaterials at the
protein nano-biofilm/oxide interface.

Protein surface potential
Space charge capacitance
Corrosion

electrical conductivities (ECs); EC strongly depends on the amino acid
composition and molecular structure of the proteins [6], and can in-
fluence the electrochemical interactions and metal ion release at the

1. Introduction

Protein adsorption on solid surfaces (such as metallic, ceramic, and

polymer surfaces) is an initial quick stage (millisecond-second scale)
whereby medical biomaterials are incorporated into the human physi-
ological media [1]. The amount and type of adsorbed protein, as well as
its conformational arrangement, control some crucial interactions sub-
sequent to the formation of the protein nano-biofilm, including the
adhesion and proliferation of the cell, inflammatory responses, and
particularly the metal ion release process [2,3]. Protein adsorption on
implanted biomaterial surfaces involves complex interactions, including
hydrophobic, electrostatic, van der Waals, and hydrogen bonding [4]. In
addition, the charge, concentration, and hydrophobicity of the protein,
along with the pH, ionic strength, and agitation of the electrolyte,
considerably control the adsorption mechanism of the protein molecule
[1,5].

Proteins are electrically conductive materials possessing distinct
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protein nano bio-film/homogeneous or heterogeneous oxide interface
[7-9]. A wide range of experimental techniques under in situ (in the
electrolyte) and ex situ (in air or vacuum) conditions have been
employed to study the EC of biological molecules, particularly proteins.
These experimental approaches provide in-depth knowledge of the EC of
the adsorbed proteins on solid surfaces, including cyclic voltammetry
[10,11], sandwiching proteins between two solid electrodes [12,13],
scanning tunneling microscopy (STM) [14-16], conductance atomic
force microscopy (C-AFM) [17,18], and scanning Kelvin probe force
microscopy (SKPFM) [7,18,19]. A study by Ron et al. showed that the
high EC of azurin and bacteriorhodopsin protein molecules is related to
tryptophan residues in their chemical structure [6,20]. In addition,
using C-AFM, Xu et al. reported that the higher conductivity of hol-
oferritin than apoferritin protein is due to a highly conductive core in the
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central molecular structure of holoferritin, which is more conductive
than the shell [21]. In contrast, the EC results of serum albumin protein
from solid-state measurements indicated that albumin protein has a
lower EC than other proteins, which can hinder electrochemical inter-
action at the electrolyte/protein/solid interface via adsorption on the
metal and oxide surfaces [6,12].

Among the various approaches reported for the EC of biological soft
matter, SKPFM is undeniably a very surface sensitive technique [22,23]
that can be used to measure the local electrical potential or surface
charge distribution in different simple or complex systems, including
microelectronics [24,25], organic [22,26] and inorganic thin films [27],
and biological species (for e.g., proteins [28] and DNA [29,30]), with a
high spatial resolution. Therefore, at high lateral and electrical resolu-
tions, crucial information can be obtained regarding the charging and
discharging processes in a single molecule [27] or localized charge
distribution on DNA [31] and proteins [32]. This significant surface
sensitivity of SKPFM to any type of chemical variation, structural
change, or surface defect enables the prediction of electrochemical in-
teractions at the protein nano-biofilm/solid surface interface [18,19,
33]. For example, in our previous research, we investigated the capa-
bility of SKPFM to visualize the hindering effect of hydrogen peroxide on
the dense film formation of albumin protein regions on titanium-based
alloy surfaces in phosphate buffered saline (PBS) solution.

For many years, Co-based alloys, particularly cobalt-chromium-
molybdenum (CoCrMo), have been extensively considered as biocom-
patible metallic biomaterials for orthopedic implants such as hip and
knee joint replacements [34-37]. These alloys are favored in biomedical
applications owing to their overall high wear resistance and good
biocompatibility, which are linked to superior corrosion resistance, and
is mainly generated by the spontaneous formation of a compact and thin
passive film (1-4 nm) on the alloy surface [38]. Based on prior surface
analysis reports, the chemical composition of the CoCrMo passive film
mainly includes CryO3 with a lower distribution of Co and Mo oxides
[39,40]. However, in human physiological media, which is a complex
and aggressive environment with various ions, proteins, and cells, the
protective passive film on the CoCrMo surface is susceptible to surface
degradation; in turn, the CoCrMo alloy loses biocompatibility, eventu-
ally leading to implant failure [41-43]. The corrosion or metal ion
release process of all metallic implants in human physiological media
causes toxic and allergenic reactions, inflammation, and cancer expan-
sion [44]. Some critical properties of the formed oxide layer, including
the roughness, chemical composition, electronic properties, surface
charge, and defects, significantly influence the protein film formation,
particularly affecting the electrochemical interactions at the protein
nano-biofilm/oxide surface interface [45].

An oxide film with semiconductor characteristics (donor or acceptor
charge carriers), during contact with a solid surface (metals and semi-
conductor oxides) or electrolyte media, can induce a space charge region
(SCR) at the contact interface owing to the difference in their Fermi
energy levels (Eg), resulting in bending of the valence and conduction
bands (Ey and E.) at the surface of the semiconductor oxide [46,47]. It
has been well established that some phenomena, including the applied
potential [48], pH [49], temperature [50], and organic and inorganic
species (calcium, phosphate, hydrogen peroxide)[51] in electrolytes,
considerably affect the magnitude of band bending and the capacitance
of the SCR. In particular, the presence of a thin film of adsorbed proteins
such as human or bovine serum albumin (HSA and BSA) on the semi-
conductor oxide surface can remarkably modify the charge carrier
density and flat band potential (Ef) distribution within the oxide layer
[52].

In addition, an adsorbed organic layer of proteins and/or cells on
metallic surfaces is accompanied by some simultaneous or consecutive
events, including decreased participation of the calcium/phosphate
species, cathodic reactions [51,53,54], and reduced diffusion of the ions
and molecules (as a barrier layer) [1]. Indeed, the chemical composition
and electronic property (e.g., the EC and/or electron transfer properties)
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in the protein molecule structures are the determining step in electro-
chemical redox reactions and also affect the charge carrier distribution
at the protein nano-biofilm/oxide layer interface [12,19,55,56]. How-
ever, as an electronic property at the adsorbed protein/oxide layer
interface, direct evidence of the electrical surface potential evaluations
and its effect on the semiconductor characteristics (donor or acceptor
carriers), and in turn the biodegradation mechanism, has not been
established. In this study, using combined AFM/SKPFM and
Mott-Schottky (MS) analysis, we elucidate the following: (1) the
adsorption morphology and electrical surface potential evolution of the
BSA protein with various concentrations 0, 0.5, and 2 g-L™! during
adsorption on the CoCrMo oxide surface; (2) the electrical surface po-
tential of a single BSA protein and its effect on the energy band dia-
grams; (3) the impact of the applied anodic potentials including + 100
mV and + 300 mV vs. Ag/AgCl on the distribution of semiconductor
characteristics in the SCR of the oxide layer in the BSA protein media;
and (4) the effect of protein molecules on the charge carriers, flat band
potential, and corrosion/biodegradation mechanisms at the BSA
nano-biofilm/oxide layer interface.

2. Experimental procedure
2.1. Sample and electrolyte preparations

The specimens were cut from the bulk CoCrMo (ASTM F1537) alloy
in the form of cuboids with a surface area of approximately 1 cm? and
thickness of 5 mm. The chemical composition (wt%) of the CoCrMo
alloy was 0.05 C, 0.39 Si, 0.45 Mn, 0.004 P, 0.001 S, 27.77 Cr, 5.08 Mo,
0.25 Ni, 0.005 Ti, 0.38 Fe, and 0.22 N (Co balance). The specimens were
wet ground from #500 to #4000 meshes with SiC abrasive foil and then
polished with alumina slurry to achieve a mirror-like surface. Finally,
the samples were cleaned in an acetone ultrasonic bath for 30 min,
washed with deionized water, and finally dried by air blowing. PBS
solution was prepared according to the ASTM Standard (F2129) [57],
and the chemical composition was 8 g-L~! NaCl, 0.2 gL ! KCl, 1.15
g-L’1 NayHPOy4, and 0.2 g-L’1 KH5POj4. Protein media with two different
concentrations including 0.5 and 2 g-L~! BSA was prepared by adding
lyophilized BSA powder (Sigma-Aldrich, >96% agarose gel electro-
phoresis) to the PBS solution. The pH values of all solutions were
controlled by a pH meter (GLP 21, CRISON), close to 7.4 + 1 at 37 °C for
all the electrochemical measurements.

2.2. Microstructure characterization and scanning probe microscope
(SPM) measurements

To investigate the BSA adsorption morphology, electrical surface
potential, and its effect on the surface potential distribution on the
CoCrMo complex oxide film, AFM and SKPFM measurements were
performed. AFM and SKPFM maps were obtained for the CoCrMo
specimens after 1 h immersion in the PBS solution containing 0, 0.5, and
2 g-L’1 BSA concentrations (static and free immersion conditions) using
a Digital Instruments Nanoscope Illa Multimode SPM with an n-type
doped silicon pyramid single crystal tip coated with Ptlr5 (SCM-Pit
probe, with a tip radius and height of 20 nm and 10-15 pm, respec-
tively). The local surface potential maps were recorded in the dual-scan
mode. In the first scan, topography data were obtained in the dynamic
mode (e.g., tapping mode). In the second scan, the tip was lifted to 100
nm, and the surface potential was recorded by following the topography
contour registered in the first scan. Both the topography and electrical
surface potential maps were captured under ex situ conditions in an air
atmosphere at 27 °C and an approximate relative humidity of 28%. In
addition, a pixel resolution of 512 x 512, zero-bias voltage, and scan
frequency rate of 0.2 Hz were used in all the AFM and SKPFM mea-
surements. To obtain key information regarding the electrical surface
potential distribution on a heterogeneous surface, for example, the
adsorbed protein nanofilm and its adsorption morphology, histogram
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analysis based on multimodal Gaussian distributions was performed
according to the procedure followed in previous studies [58,59]. In
addition, the microstructural examination of the CoCrMo sample was
performed using FE-SEM (JEOL, JSM-7610FPlus, 5 kV, and a working
distance of 15 mm) with a secondary electron (SE) detector.

2.3. Electrochemical measurements

2.3.1. Potentiodynamic polarization and applied anodic potential

The electrochemical measurements, including the potentiodynamic
polarization (PDP) and applied anodic potential of the CoCrMo alloy,
were performed using an AUTOLAB PGSTAT 30 potentiostat instrument
in a PBS solution with various BSA concentrations (0, 0.5, and 2 g~L_1
BSA protein). An Ag/AgCl/KCl3 \ electrode (+222 mV vs. SHE) and
platinum wire were used as the reference and counter electrodes,
respectively, and the CoCrMo specimen served as the working electrode.
The PDP measurements were conducted at a scan rate of 1 mV.s~! from
the cathodic to anodic potentials after 1 h immersion in the above en-
vironments to reach the steady-state condition and stabilized open cir-
cuit potential (OCP). To visualize the semiconductor characteristics of
the CoCrMo oxide layer at different passivity potentials, the working
electrodes were anodically polarized at +100 mV and +300 mV vs. Ag/
AgCl for 1 h in the selected environments, as mentioned above.

2.3.2. Mott-Schottky analysis in BSA protein environments

The semiconductor characteristics of the oxide layer (for e.g., the
donor and acceptor charge carriers) on the CoCrMo complex oxide layer
were measured in the differently polarized samples, including OCP, +
100 mV, and + 300 mV vs. Ag/AgCl, using different BSA protein con-
centrations, including 0, 0.5, and 2 g~L_1, during exposure to PBS so-
lution by the interfacial capacitance (C) versus applied potential (E). The
MS analysis can be explained using the following equation [60]:

[ RS B | 2 kT
=t gt =t————(E— B ——), )]
C G Cy Chy €geNy o JE-B =)

where Cgc is the space charge capacitance (SCR), Cy is the capacitance of
the Helmholtz double layer, Cp corresponds to the diffuse layers in the
solution, ¢ is the dielectric constant of the passive film, & is the vacuum
permittivity (8.854 x 10714 F.cm’l), e is the electron charge (1.6 x
107 1° C), Nqis the donor density, Ny is the acceptor density, Eg is the flat
band potential, and k and T are the Boltzmann constant and absolute
temperature, respectively. It has been proven that the SCR in the
topmost part of a semiconductor oxide layer definitely reflects a lower
capacitance value than the diffuse layer, particularly the Helmholtz
double layer [61,62]. Therefore, the capacitance value in the MS anal-
ysis is considered to be almost the SCR of the CoCrMo complex oxide
layer. The MS analysis was performed at a frequency of 1 kHz in the
potential range of —1 V up to +1 V vs. Ag/AgCl with an amplitude of
+ 10 mV in all the selected solutions. It is noteworthy that a frequency
of 1 kHz was selected in this study because at frequencies higher than
1 kHz, small variations can be seen in the capacitance values [51,61,63].
In contrast, the non-uniform or heterogeneous protein adsorbed layer
(only in the protein environment) on the CoCrMo complex oxide layer
can significantly modify the semiconductor characteristics and Eg, [64].
Nevertheless, the physicochemical interactions of the protein molecules
such as adsorption and detachment (protein or metal-protein species)
are dynamic processes, and different potential sweeping on MS can
slightly affect these interactions [45,65].

3. Results and discussion

3.1. Morphology and surface potential distribution of various protein
concentrations

Using AFM/SKPFM, we visualized the adsorption morphology and
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electrical surface potential distribution of the adsorbed BSA protein on
the CoCrMo oxide surface after 1 h immersion in PBS solution with
various BSA concentrations (0, 0.5, and 2 g~L’1), as presented in Fig. 1.
In general, using SKPFM, it is possible to determine the local surface
potential or work function energy (WFE) distribution on the targeted
sites on the substrate without any physical contact between the
conductive AFM tip and the specimen surface [18].

As presented in the SKPFM map of CoCrMo in the absence of the BSA
protein molecules (Fig. 1d), an approximately homogeneous surface
potential distribution along some polished lines on the CoCrMo surface
can be observed. Considering the corresponding surface topography
image shown in Fig. 1a and the FESEM microstructural image (Fig. S1)
of the polished sample, it can be seen that the slight variation in the
electrical surface potential in Fig. 1d can be attributed to the grains and
twins with various topographies (different polishing behaviors) and
surface potential values. However, by adding 0.5 and subsequently
2 g-L 7! of BSA protein to the PBS solution, the surface microstructure
features of the CoCrMo alloy gradually vanished (Fig. 1b and c).
Moreover, the surface potential map of the CoCrMo surface in 0.5 and
2 g-L 7! BSA protein appeared in the form of a heterogeneous surface
potential distribution with new surface features that are assigned to the
protein denatured and/or fibrillar protein aggregates (Fig. le and f).
Based on the histogram analysis of the topography maps shown in
Fig. 2a and the calculated results presented in Table 1, a slight decrease
in both the mean values () of the surface roughness (uo g/, = 27.5 nm >
0.5 g/ = 24.5 nm> i3 /1, = 18.8 nm) and standard deviations (o) of the
topography (cgg/ = 11.2nm > 6 ¢5¢/1 = 7.8 NmM> G 2,1, = 6.2 Nm)
were observed for the CoCrMo surface when the BSA protein was
increased from 0 up to 2 gLl These evaluations of the surface
roughness in the presence of the BSA protein can be ascribed to the
adsorption of protein soft molecules, filling and covering the rough
polished surface at the nanometric scale. As shown in the histograms of
the electrical surface potential images in Fig. 2b and Table 1, it can be
seen that increasing the BSA protein concentration caused a shift in the
overall electrical surface potential distribution (protein and substrate) to
lower values.

It is known that the adsorbed protein and DNA biological molecules
on metal and oxide surfaces exhibit a lower electrical surface potential
value than the matrix [32,66], which was also investigated in our pre-
vious studies [19,51] (vide infra). Hence, considering this point, we can
infer that increasing the BSA concentration from 0 up to 2 g-L ! trig-
gered a decrease in the overall electrical surface potential distribution
(Ho gL = 16.4nm > Ho5¢/1, = 11.9 nm > g g1, = 10.8 nm, Table 1) on
the oxide surface due to more BSA protein coverage, resulting in a
greater hindering impact on the electrostatic interaction between the tip
and oxide surface [19].

We further investigated the nanometric scale using AFM/SKPFM for
a more precise understanding of some crucial information, including the
adsorption shape and covering level of various protein concentrations,
as well as the electrical surface potential and energy level diagram of a
single BSA protein, as shown in Figs. 3 and 4. Comparing the AFM maps
of the CoCrMo surface for all BSA concentrations at 500 x 500 nm?
(Fig. 3a—c), we can discern that the sample with 2 ng’l BSA concen-
tration displays a more protein surface covering, increasing with either
the thickness of the adsorbed protein film and standard deviation values.
Indeed, based on the histogram analysis of the topography maps shown
in Fig. 3d and Table 1, both the mean value of the height and standard
deviation values on CoCrMo oxide surface were enhanced by increasing
the BSA protein concentration.

Albumin is a plasma protein that is present in high concentrations in
the synovial fluid, particularly on the adsorption surface [1]. The di-
mensions of the BSA molecule are 4 nm x 4 nm x 14 nm with an
ellipsoidal shape [6]. Based on this and the topography histogram re-
sults shown in Fig. 3d, we can observe that at 0.5 g-L"! BSA concen-
tration, the tendency of the BSA protein to undergo denaturation on the
CoCrMo surface is higher than that at 2 g-L™! BSA concentration.
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Fig. 1. Topography and electrical surface potential images of the CoCrMo surface exposed to PBS solution with different BSA concentrations including (a and d) 0, (b

and e) 0.5, and (c and f) 2 g~L’1 at 37 °C, pH 7.4, and under aerated conditions.
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Fig. 2. (a) Topography and (b) electrical surface potential histogram analyses extracted from the topography and surface potential images shown in Fig. 1.

Table 1
Extracted Gaussian distribution parameters from the topography and surface
potential histograms in Figs. 2 and 3.

Concentration 0 g/L BSA 0.5 g/L BSA 2 g/L BSA
Constituents Substrate Substrate+protein  Substrate+protein
Mean value of 27.5+11.2nm  24.5+7.8nm 18.8 +£ 6.2 nm
Topography-
Fig. 2a
Mean value of 3.4 +1.2nm 3.7 £ 1.4nm 4.1 +1.7 nm
Topography-
Fig. 3d
Mean value of 16.4 £6.8 mV 11.9 + 6.1 mV 10.8 £ 7.8 mV

Surface potential-
Fig. 2b

Indeed, at high BSA protein concentrations, the BSA protein nanofilm
exhibits a more globular adsorption shape with a slightly elongated
feature that is very close to the BSA dimensional model (4 nm-4.1 nm,

our results). The SKPFM image of the adsorbed BSA nanofilm shown in
Fig. 3f, which corresponds to the AFM image shown in Fig. 3c, clearly
confirms a lower electrical surface potential distribution in the BSA
protein region than on the CoCrMo oxide surface. Hence, these
AFM/SKPFM findings reveal that a concentration of 2 g-L.~! compared
with 0.5 gL 7! facilitates the formation of a perfect protein nanofilm
(lower denatured shape) on the CoCrMo surface with a particular
globular shape and the lowest electrical surface potential, which in turn
directly influences the electrochemical interactions, electrical double
layer, and charge transfer process at the electrolyte/protein/oxide
interface. Nevertheless, the mechanism by which the protein molecules
affect the energy level diagram and in turn the electrical surface po-
tential on the protein/oxide interface in a solid-state condition remains
to be determined. To address this, further elucidation was performed
using high-resolution AFM/SKPFM on a single BSA protein and the
corresponding energy level diagram, which is discussed in detail in the
next section.
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Fig. 3. Topography images of the CoCrMo samples exposed to PBS solution for 1 h with various BSA concentrations including (a) 0 g-L. %, (b) 0.5 g-L %, and (c)
2 g-L ! BSA protein at 37 °C, pH 7.4, and under aerated conditions. (d) Topography histogram analysis derived from (a, b, and c). (e) Surface potential histogram
analysis corresponding to (f). (f) Local surface potential image corresponding to the topography image in (c).
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Fig. 4. (a) Schematic illustration of the SKPFM principle together with the energy levels during electrostatic interaction between the conductive probe and semi-
conductor oxide film/bulk materials at the atomic scale. (b) The presence of a single adsorbed protein that significantly modifies the energy levels and total surface
potential difference. (c) AFM and (d) SKPFM images of a single BSA molecule on the CoCrMo surface during 1 h immersion of the CoCrMo surface in PBS +2 g-L !
BSA environment at 37 °C, pH 7.4, and under aerated conditions. (e) Topography and local surface potential line profiles of a single BSA molecule extracted from (c)
and (d).
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3.2. Nanometric/atomistic approach to the energy level evaluations at the
protein/oxide interface using SKPFM

At a constant bias voltage and tip-sample distance in the SKPFM
technique, the recorded WFE values correspond to the electrical surface
potential difference (ASP) between the conductive probe and the
considered substrate as [27]:

ASP=  (@,-@,)/e, @)
where e is the elementary charge, and @, and @; are the WFEs of the
probe and substrate, respectively. In addition, the schematic shown in
Fig. 4a demonstrates the basic principle of the SKPFM technique along
with the energy levels (for e.g., the valence and conduction bands (Eyp
and Ecp), Fermi level (Ef), and vacuum level (VL) of the probe and
substrate).

It is essential to mention that in a simple or complex system of
semiconductor or dielectric materials, the surface potential or electro-
static interactions strongly correlate with the entire WFEs, static
charges, and multipoles of the surface components [32,67,68]. For
example, the electrical surface potential signal on the oxide layer of the
CoCrMo alloy with a heterogeneous distribution of various oxide com-
ponents results from the sum of the weighted concentrations of the WFEs
of the oxide constituents, which in this case is given by WFE o= @pcr203
+ @pcoo + Dpmoos [19,40]. However, some crucial chemical and phys-
ical characteristics of the oxide layer and bulk material, such as the
surface roughness, defects, charge distribution, charge carriers, surface
energy, crystallinity, and valence and conductance states, considerably
influence the electrostatic interactions and charge transfer process,
particularly at the protein nano-biofilm/oxide layer interface [19,45], as
shown in Fig. 4a and b.

It is well known that the adsorption of monolayers or multilayers of
organic molecules, such as the chemisorbed self-assembled monolayers,
Langmuir-Blodgett film, and even proteins and DNAs, remarkably af-
fects the measured surface potential (SPoxide) [69,70], as schematically
illustrated in Fig. 4b for a single BSA molecule on the oxide surface. This
figure shows that the adsorbed BSA molecule on the surface oxide in-
duces the alternation of the surface energy levels and subsequently the
intensity of the electrostatic interaction between the conductive tip and
adsorbed BSA on the oxide layer. Because of this, the energy band dia-
gram on the protein molecule side shows band bending (Vp), which
alters the effective molecular dipole (ugsa) and interface dipoles (Apond)
due to the BSA/oxide layer interface interaction (Fig. 4b). These eval-
uations in the energy band diagram originate from the new arrangement
and amount of charge carriers in the adsorbed BSA region on the oxide
layer [7,27,47]. Therefore, the total magnitude of the electrical surface
potential on the BSA molecule-complex oxide (SPg,f) can be described
as [27].

SPgurf = SPoxidet Mpsa’e +Apond, 3

It is worth mentioning that the formation of a thick organic film
(>100 nm) on the surface oxide layer significantly hinders the effect of
the bulk material on the magnitude of SPf because of the limited range
of interactions between the tip and the surface [27,70].

To visualize a realistic surface potential signal from the adsorbed
BSA protein on the CoCrMo oxide surface, AFM and SKPFM surface
maps of a single BSA protein molecule were obtained at nanoscale res-
olution, as presented in Fig. 4c and d. These high-resolution topography
and electrical surface potential maps were captured after 1 h exposure of
the CoCrMo sample to PBS+ 2 g-L ! BSA solution at 37 °C and pH ~7.4.
According to the topography image and line profile depicted in Fig. 4c
and e, the adsorbed single BSA protein has an ellipsoidal shape with an
approximate height of ~10 nm. An apparent longer dimension of a
single BSA molecule with respect to the standard BSA dimensions, for
example, 4 nm x 4 nm x 14 nm, is possibly related to the AFM tip-
sample convolutions [6].
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In addition, these images depict a BSA molecule’s desaturated
structure with a heterogeneous surface potential and/or charge distri-
bution on its molecular structure [3]. The surface potential of biological
molecules strongly depends on the charge distribution and polar residue
structure, especially the pH and isoelectric point (IEP) [56]. The IEP
defines the pH value at which the protein surface charge has a minimum
value, or is zero. In this regard, at solution pH values above and below
the IEP, the protein’s overall charge is negative and positive, respec-
tively. The IEP value of the BSA protein based on both theoretical esti-
mation and experimental analysis is between 4.7 and 5.4 [7,19].
Moreover, the line profile of the electrical surface potential shown in
Fig. 4e indicates a lower electrical surface potential distribution on the
BSA molecule structure compared with the complex oxide layer on
CoCrMo, with a difference of ~3.5mV. As stated earlier, the BSA
molecule with chemisorb adsorption on the CoCrMo oxide layer reduced
the electrical surface potential due to the presence of new potential steps
and band bending at the energy level. Therefore, this surface potential
difference at the nanoscale completely elucidates the hindering effect of
the BSA protein on the surface potential/charge distribution, which in
turn directly influences the electrochemical interaction at the BSA
molecule/oxide layer interface, which is discussed in the next section.

3.3. Effect of the protein on the space charge capacitance and corrosion/
biodegradation processes

The results of the AFM and SKPFM investigations at the solid/air
interface demonstrated that the electrical surface potential of the BSA
protein and its nanofilm thickness can remarkably interfere with the
electrical properties and charge transfer evaluations of the surface oxide
layer (by reducing the electrostatic interactions). Nevertheless, it is still
important to visualize the effects of the BSA protein on the semi-
conductor charge carriers, surface oxide energy levels, and particularly
the gradual deterioration of the surface oxide layer at the electrolyte/
protein/oxide interface. Correspondingly, it has been reported that
physiologically, the potential value of the CoCrMo alloy in the complex
human environment can meaningfully shift from the corrosion potential
and/or open circuit potential of —0.1 V or —0.2 V reported in this study
(Fig. S2) up to + 0.65 V (transpassive region) due to the presence of the
H50, agent and Fenton reactions as the inflammatory conditions [42].
Therefore, MS analysis was conducted on the CoCrMo specimens after
1 h immersion in PBS solution containing various BSA concentrations (0,
0.5, and 2gL™!) and at different applied overpotentials (OCP,
+100 mV, and +300 mV vs. Ag/AgCl anodically polarized (Fig. S2)), as
shown in Fig. 5.

Depending on the different applied overpotentials, two individual
regions were marked/identified in the MS analysis based on the slopes of
the curves (the positive and negative slopes correspond to the n-type and
p-type semiconductor characteristics, respectively [60]), including re-
gion I with n-type semiconductor behavior (donor density) and region II
with p-type semiconductor (acceptor density) behavior. The CoCrMo
oxide layer in region I under the OCP condition (Fig. 5a) exhibits
different slopes during sweeping at different applied potentials (—1 V to
+1 V vs. Ag/AgCD).

According to the literature, various hypotheses have been proposed
for these multiple apparent slopes, including the presence of surface
states [33,51], inhomogeneous distribution of the donor charge carriers
[60], and dependency of the type and density of the donor charge car-
riers on the sweeping potential [71]. Therefore, in the case of the
CoCrMo alloy, this comes from new evaluations of the chemical
composition and donor density distribution within the complex oxide
film, especially in Cr oxides [72]. Indeed, at potentials lower than
+ 0.3V vs. Ag/AgCl or region I, Cr appears in two different forms,
including Cr,0O3 and CrOH3 which were detected using XPS analysis
with a significant presence of OH" in the Ols peaks [72,73]. However,
when we shift from region I (passive film) to region II (transpassive
oxidation) approximately after + 0.3V vs. Ag/AgCl, the intensive
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Fig. 5. Mott-Schottky analysis of the CoCrMo alloy after 1 h immersion in PBS, PBS +0.5 g-L."! BSA, and PBS +2 g-L.~! environments at (a) OCP, (b) +100 mV, and
(c) +300 mV vs. Ag/AgCl overpotential conditions at 37 °C, pH 7.4, and under aerated conditions. (d) Donor and acceptor carrier densities in the complex oxide layer
of CoCrMo under different environments and applied anodic potentials analyzed from (a), (b), and (c).

release of Cr and Mo ions mainly accompanies the formation of more
complexes with phosphate species [72]. The results from the PDP curves
shown in Fig. S2 further confirm the gradual deterioration of the passive
film at potentials higher + 0.3 V vs. Ag/AgCl in all environments. In
region II, the Cr and Mo ions tend to precipitate in the passive film as
hydrated oxides or oxychlorides, and the Co ions remain solvated in
solution [40].

The polarized samples (+100 mV and +300 mV vs. Ag/AgCl) clearly
indicate an enhancement of the C~2 magnitude and a more smoothing
behavior on the curve slopes in region I compared with the OCP con-
dition, which reaches the highest C~2 magnitude at + 300 mV vs. Ag/
AgCl polarization. Hence, the continuous growth of the oxide layer
during polarization gradually affected the thickness, compacting, and
charge carriers of the oxide layer [51]. It can be seen from the MS curves
that the BSA protein environments decreased the C~2 magnitude in all
regions along with a slight decrease in the linear slope in region I in the
OCP and polarized samples. Moreover, by changing the BSA concen-
trations from 2 to 0.5 g-L. ™! in all the solutions, both the G2 magnitude
and linear slope reached the lowest values. This trend can be attributed
to the adsorption of the BSA protein on the passive film, which affects
the SCR, especially the distribution of the charge carrier densities. To
calculate the donor (Ng) and acceptor (N,) densities, the value of ¢ was
considered to be 13, in agreement with previous studies [74]. The Ny
(region I) and N, (region II between +0.25 V up to +0.5 V vs. Ag/AgCl)
were calculated by fitting a straight line to the linear portion of the
slopes according to the following equation [75]:

-2
= NjorN,eegy @
where «a is the slope of C 2 versus the applied potential.
The calculated Ng and N, results shown in Fig. 5d reveal that the
polarized sample at + 300 mV vs. Ag/AgCl presents the lowest value of
the donor and acceptor charge carriers with respect to the other

conditions in the + 300 mV< +100 mV< OCP condition. By changing
the BSA protein concentration from 0.5 to 2 g-L ™}, the density of charge
carriers within the passive film decreased in all the samples. This
occurrence can be ascribed to the hindering of the electrochemical in-
teractions (charge transfer through the passive film and passive film
growth) and/or effect on the surface states due to a thick or dense
nanolayer of the BSA protein. Nevertheless, according to the PDP curves
in Fig. S2 and electrochemical impedance spectroscopy (EIS) analysis
presented in Fig. S3 and Table S1, this postulation was further confirmed
as the 2 g-L 7! BSA compared with the 0.5 g-L. ™! concentration reduced
both the corrosion and passivity current densities and also enhanced on
total impedance value of CoCrMo alloy. Therefore, a lower tendency for
charge transfer can be anticipated on the film formed in 2 g-L ™! BSA
than in 0.5 g-L.~! over the CoCrMo oxide layer, leading to a reduction in
the electrochemical interactions and/or metal ion release process. This
result is in accordance with the AFM and SKPFM visualizations, which
revealed the higher surface coverage of the BSA protein in 2 g-L ™! BSA
solution compared with 0.5 g-L™}, thus allowing a less denatured mo-
lecular structure to decrease the total electrical surface potential on the
CoCrMo surface. It is essential to highlight that the CoCrMo alloy, during
exposure to only PBS media under all the overpotential conditions (OCP,
+100 mV, and +300 mV vs. Ag/AgCl), presented the lowest values of
both the corrosion and passivity current densities, as well as the donor
charge carriers (Figs. 5d and S2). This is undoubtedly related to the
significant role of HPO3~ and H,PO; as the dominant species in the PBS
media that can easily adsorb onto the CoO, Cr,03, and MoOs oxides to
form a thin phosphate-complex film, which hinders the release of the Co,
Cr, and Mo ions or blocks the mass transport compared to the PBS+BSA
environment [51]. As reported in the literature, the adsorbed protein on
TiO4 oxide can shift the flat band potential (Eg,) to more negative values
and increase Ny due to local alkalization of the (hydr)oxide surface
groups on TiOy [52]. In fact, the adsorbed layer of BSA proteins can
strongly affect the SCR, which is directly related to the charge carrier
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density in the conduction band [52].

It is worth noting that at the CoCrMo surface oxide (mainly CryO3),
oxygen vacancies give rise to occupied electron energy levels below the
conduction band of the semiconductor oxide and, in turn, act as
appropriate sites for the adsorption of simple molecules [64]. Moreover,
the presence of dangling bonds in the surface atoms can generate
localized electron energy levels at the interface. In this regard, any
evaluation of the surface states can directly affect the electronic prop-
erties of the semiconductor oxide and interfacial electrical double layer
[52], as presented in the SKPFM section. In addition, the interaction of
the ions and/or molecular species (here BSA protein) through
physi-chemisorption processes with the oxide surface can lead to the
formation of exterior surface states. Hence, the adsorption of BSA mol-
ecules on the complex oxide layer of CoCrMo leads to occupied electron
energy levels in the oxide bandgap energy, thereby increasing Ny by
introducing exterior surface states and shifting Eg to negative values.
These descriptions are in accordance with the summarized theoretical
relationship between the flat band potential and N4, and can be
expressed as follows [64]:

kT
E; =a—2303 ?logNd, 5)

where a is a constant. Consequently, the shift of the C ~2 magnitude to
lower values in BSA protein environments can be attributed to the
chemical modification of the oxide surface due to sharper band bending
or upward shifting and increase in the SCR thickness [64], as shown
schematically in Fig. 6a and b.

It is worth mentioning that the surface conformation of the protein
molecules in the form of a side-on or end-on position interferes with the
number of interaction sites between the protein and oxide surface,
resulting in a significant impact on the capacitance value at the protein/
oxide interface [64,76]. The BSA adsorbed on the CoCrMo oxide surface
is mainly in a side-on orientation with respect to the end-on position, as
revealed by AFM in Fig. 3, and thus the formed protein nanofilm gen-
erates a lower number of adsorbed protein molecules per surface unit
and smaller surface area at the protein/oxide interface. From a corrosion
point of view, the low donor density explains the electrochemical re-
actions at the oxide/solution interface, which can be inhibited by
reducing the charge transfer (also confirmed by the SKPFM and PDP
analyses). The intensity of Ng is related to the density of the oxygen
vacancies or interstitial distribution of Co, Cr, and Mo in the passive film
region [75]. Thus, the decrease in the formation rate and transfer ve-
locity of oxygen vacancies along with metal interstitials enhances the
stability and protective behavior of the passive film with low mass
transfer [77]. As a result, we can state that a low BSA protein concen-
tration provides more exterior surface states, a higher dissolution rate
owing to the increase in the number of defect sites, and a higher rate of
mass transport through the oxide region, decreasing the protective
properties in accordance with the SKPFM and PDP analyses results.
These results are also in agreement with a previous study that confirmed
that CoCrMo at high BSA protein concentrations with respect to lower
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amounts in PBS solution presents a low corrosion rate (calculated using
EIS and PDP analyses) [54] and metal ion release during long-term
monitoring (analyzed with an induced coupled plasma-optical emis-
sion spectrometer (ICP-OES)) [78]. Finally, we summarized all our in-
vestigations in this study and present a schematic representation to
better describe the impact of different protein concentrations and
applied overpotential conditions on the corrosion/biodegradation
mechanisms on the oxide surface of the CoCrMo alloy, as shown in
Fig. 7.

4. Conclusions

In summary, this study provided new approaches to investigating the
relationship between the electrical surface potential of adsorbed BSA
protein films and the evolution of the electronic properties of the
CoCrMo oxide layer at the protein/oxide interface for corrosion/
biodegradation mechanisms. Using SKPFM, it was shown that the BSA
protein nanofilm with a higher thickness obtained at a concentration of
2 g-L7! can remarkably decrease the electrostatic surface potential or
surface charge distribution on the CoCrMo oxide layer, resulting in a
lower tendency for charge transfer at the protein/electrolyte interface.
Using potentiodynamic polarization, it was confirmed that the 2 g-L~!
BSA protein, compared with a 0.5 g~L’1 concentration, better hinders
the charge transfer (lower corrosion and passivity current densities) for
electrochemical interactions at the protein/electrolyte interface. In
particular, the MS analysis at the electrolyte/protein/oxide interface
demonstrated that the adsorbed protein film obtained at 0.5 g-L ™! more
than that obtained at 2 g-.. ™! concentration can significantly enhance
the n- and p-type charge carriers and space charge capacitance values
due to increased band bending at the space charge region/protein
interface. Indeed, a reduction in the metal ion release process of metallic
biomaterials in protein media can be achieved at high protein concen-
trations with respect to lower concentrations because of the lower
electrical surface potential of the protein nanofilm (surface charge on
the protein), lower corrosion and passivity current density, and lower
charge carrier distribution through the oxide surface exposed to the
electrolyte.
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