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The protein adsorption and both its conformational arrangements and electrochemical interactions on the surface of metallic
biomaterials has an immense impact on corrosion/biodegradation and biocompatibility of implantable metals. In this study, we
used scanning Kelvin probe force microscopy (SKPFM) to reveal the synergistic effect of various bovine serum albumin (BSA)
concentrations and overpotential conditions on BSA protein adsorption mechanisms and its influence on the corrosion behaviour of
the CoCrMo alloy in phosphate-buffered saline solution. Electrochemical measurements showed that CoCrMo alloy was more
resistant to corrosion in the 2 g l−1 BSA protein medium than in the 0.5 g l−1 one. The SKPFM analysis revealed a lower surface
potential on the regions where BSA was adsorbed forming clusters, than on the un-covered CoCrMo substrate. When the surface
overpotential and the protein concentration were increased from the OCP to +300 mV vs Ag/AgCl and from 0.5 to 2 g l−1,
respectively, on both protein covering and surface potential were increased. Field emission scanning electron microscopy indicated
that localized corrosion eventually occurred at the BSA protein/substrate interface owing to the adsorption of counterions and the
difference between the surface potential values.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Nowadays, metals and alloys play an outstanding role in the
biomedical field and are mainly used as implant materials in ortho-
paedic, dental, cardiovascular, and fracture-fixing components.1,2 To
determine suitable implant materials for a specific application, different
properties such as mechanical and corrosion resistances, biocompat-
ibility, and toxicity must be considered.3,4 However, the physiological
media of the human body constitute a complex corrosive environment
consisting of various ions, proteins, and cells in which different
alloys such as the most used Ti6Al4V, CoCrMo, or stainless steels
are susceptible to degradation and corrosion following different
mechanisms.5–7 When an implant is exposed to the environment in a
human body, protein is initially adsorbed, which in turn plays
a predominant and determinative role in subsequent interactions.8,9

Tissue compatibility and cell adhesion are both controlled by the
initial interaction between serum proteins and the implant.2 The
conformation and amount of the protein layer adsorbed on the
implant are both influenced by surface properties such as the surface
energy, topography, hydrophobicity, and chemical composition of
the metal oxide layer on the implant.10 For example, Guerra et al.11

demonstrated that by adding methyl groups to a vinyl polymer side
chain, the conformation and distribution of the fibronectin protein
adsorbed on an implant changed from globular to network mor-
phology owing to changes in the implant surface chemistry. In
contrast, the protein adsorption mechanism can be influenced by the
ionic strength, agitation, and pH of the solution and the size, charge,
and concentration of the protein molecule.10,12

To date, biocompatible cobalt-based alloys (particularly
CoCrMo) have been extensively used in surgical implants such as
hip and knee joint replacements because of their overall high
corrosion resistance and perfect wear properties.13,14 The sponta-
neous compact oxide layer formation on the surface of implant
alloys such as CoCrMo, which is mainly composed of Cr2O3,
considerably inhibits the release of metal ions during contact with
human physiological fluids and tissues.14,15 However, the dynamic
conditions of the human body trigger the mechanical abrasion of the
oxide film on metallic implant materials and then accelerate

corrosion with the release of metal ions and oxide complexes in
vivo.1 Complex oxide films exhibiting n- or p-type semiconductor
characteristics and other atomic defects are susceptible to localized
degradation such as pitting or crevice attacks due to interactions with
aggressive ions such as Cl−, protein adsorption, or protein–metal
complex detachment.6,16,17

The atomic bonding of proteins to various metal atoms in implant
oxide layers strongly depends on the surface chemistry of the oxide
layer including the chemical composition, crystallinity, and defect
density.2,10 Different groups have studied the adsorption mechan-
isms of protein molecules on solid surfaces as well as the electro-
chemical interactions between protein molecules and implant
surfaces and the corresponding corrosion mechanisms by infrared
and Raman spectroscopies,18,19 ellipsometry,20,21 quartz crystal
microbalance,22–24 atomic force microscopy (AFM),25–29 scanning
tunnelling microscopy (STEM),30,31 transmission electron micro-
scopy (TEM),32,33 X-ray photoelectron spectroscopy (XPS),34–36

simulation studies,37,38 electrochemical measurements,4,5,15,16,39 and
scanning Kelvin probe force microscopy (SKPFM).12,26

The concept of measuring the difference between the work function
energies (WFEs) of two materials was initially established by Lord
Kelvin40 and was physically extended to a Kelvin or capacitive probe and
then improved by some researchers.41,42 Higher-WFE materials are
nobler than lower-WFE ones or are less active in electrochemical
interactions.43,44 Therefore, metals exhibiting a low surface Volta
potential (which is directly correlated with WFE) also exhibit high
electrochemical activity, which, in turn, is a useful parameter for
predicting the degradation mechanism.45,46 For biological molecules
such as DNA and proteins, SKPFM can be used to analyse the native
property of a bound molecule owing to the molecular surface charge.47,48

Therefore, the local electrical surface potential analysis represents a
correlation between a heterogeneous bimolecular layer (i.e. a monolayer
or multilayer) and the molecular-level structure49 For example, Leung
et al.50 indicated that the lower surface potential of a DNAmolecule with
respect to the matrix was related to the molecular nanostructure because
DNA molecules consist of a negatively charged phosphate backbone,
which leads to a highly negative charge on the DNA surface.

Nevertheless, the correlation between the surface potential of the
adsorbed protein and the surface potential (direct relationship withzE-mail: mlekka@cidetec.es
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work function energy) of the oxide layer on metallic implants and
their role in micro-/nano-degradation remains unclear. Therefore, in
this research, the conformational and morphological changes of
bovine serum albumin (BSA) were systematically characterised
during protein adsorption on a CoCrMo oxide layer under different
overpotential conditions including an open-circuit potential (OCP),
+100 mV, and +300 mV vs Ag/AgCl in phosphate-buffered saline
(PBS) solution. A multi-technique procedure was used, including
electrochemical measurements, AFM/SKPFM, XPS, and field-emis-
sion scanning electron microscopy (FE-SEM) to reveal the BSA
protein conformational arrangement and its surface potential dis-
tribution at the corrosion initiation sites on the CoCrMo alloy
surface.

Experimental

Materials and preparation.—The ASTM F1537 low-carbon
CoCrMo alloy was used in this study. The chemical composition
(wt%) of the alloy was 0.05 C, 0.39 Si, 0.45 Mn, 0.004 P, 0.001 P,
27.77 Cr, 5.08 Mo, 0.25 Ni, 65.6 Co, 0.005 Ti, 0.38 Fe, and 0.22 N.
Specimens (5-cm2 surface area) were used for electrochemical
measurements, and other specimens (0.8-cm2 surface area) were
used for microstructural characterisation and AFM/SKPFM mea-
surements. The samples were mechanically ground and polished to a
mirror-like surface, washed with ethanol, ultrasonicated in acetone
for 30 min, and finally blow-dried with air prior to characterisation.
All the samples used for the surface analysis and microscopic
measurements were stored in a desiccator at room temperature.

Electrolyte and electrochemical measurements.—The electro-
chemical measurements of the CoCrMo alloy were performed in
PBS solution containing 8 g l−1 of NaCl, 0.2 g l−1 of KCl, 1.15 g l−1

of Na2HPO4, and 0.2 g l−1 of KH2PO4 following the ASTM
Standard (F2129).51 To investigate the BSA protein adsorption and
interaction with the metal substrate, different concentrations (i.e. 0,
0.5, 1, or 2 g l−1) of BSA (lyophilised powder; Sigma–Aldrich;
⩾96% agarose gel electrophoresis) were added to the PBS solution.
Electrochemical measurements were carried out using an Avesta cell
according to the method developed by Qvarfort52 and a conventional
three-electrode electrochemical cell. This method was used to
eliminate crevice corrosion around the specimen holder, thereby
allowing temperature control. The electrolyte pH was adjusted using
a pH meter (GLP 21, CRISON) approximately in the range 7.4 ± 0.1,
and the temperature was maintained at 37 °C for all the measure-
ments. An AUTOLAB PGSTAT30 potentiostat instrument plus
an Ag/AgCl/KCl3 M electrode [+222 mV vs standard hydrogen
electrode (SHE)] and a platinum wire were used as the reference
and counter electrodes, respectively. All the electrochemical

measurements were recorded after the specimens had been immersed
in the solution for 1 h to stabilise the OCP. Potentiodynamic
polarization (PDP) measurements were scanned at 1 mV.s−1 from
the cathodic to the anodic potentials. Electrochemical impedance
spectroscopy (EIS) measurements were performed after the speci-
mens had been immersed in PBS solution containing various protein
concentrations for 1 h and different overpotential conditions (at
OCP, +100 mV, or +300 mV vs Ag/AgCl) in the range 10 mHz to
10 kHz by applying a ±10 mV sinusoidal excitation signal.

Microstructural characterisation and AFM/SKPFM measure-
ments.—The BSA protein adsorption on the complex oxide layer of
the CoCrMo alloy was examined using AFM, SKPFM, and FE-
SEM. All the measurements were performed on polished specimens
ultrasonically cleaned in acetone for 20 min without any electro-
chemical etching. The microstructures of the CoCrMo surfaces
exposed to the PBS solution containing 0.5 or 2 g l−1 of BSA
were examined using an FE-SEM (JEOL, JSM-7610FPlus) instru-
ment equipped with an Oxford Instruments X-MAX20 energy-
dispersive X-ray spectroscopy (EDXS) probe at a working distance
of 15 mm and operating at an acceleration voltage of 5 kV and in
secondary electron (SE) mode. AFM/SKPFM maps were utilized to
evaluate the topography and surface potential of the BSA protein
adsorbed on the CoCrMo surface under different overpotential
conditions (i.e. OCP, +100 mV, and +300 mV vs Ag/AgCl). The
AFM/SKPFM device was a Digital Instruments Nanoscope IIIa
Multimode equipped with a pyramidal n-type doped silicon PtIr5-
coated single-crystal tip (SCM-Pit probe). Surface potential maps
were obtained using the dual-scan mode. In the first scan, topo-
graphy data was obtained using the tapping mode, and the second
scan surface potential was captured by lifting the tip to 100 nm
above the specimen surface. Topography and surface potential maps
were captured in air at 27 °C at a relative humidity of approximately
28% using a pixel resolution of 512× 512, a zero-bias voltage, and a
scan frequency of 0.2 Hz. The histogram and power-spectral-density
(PSD) analyses based on multimodal Gaussian distributions (MGDs)
and fast Fourier transform (FFT), respectively, were used to more
precisely interpret the surface potential on the complex and hetero-
geneous surfaces affected by the various BSA protein shapes and
morphologies according to the procedure followed in previous
studies.46,53

X-ray photoelectron spectroscopy (XPS).—The chemical com-
position of the CoCrMo surface layer was analysed using a PHI-
5000 Versaprobe-II (Physical Electronics) equipped with a mono-
chromatic Al Kα X-ray source (operating at 1486.71 eV) at a spot
diameter of 100 μm to measure surface compositions up to ca.
10 nm deep. The irradiation power of the X-ray beam was 25 W. The

Figure 1. (a) OCP and (b) the potentiodynamic polarization measurements of CoCrMo alloy in PBS solution with various concentrations of BSA protein at
37 °C, pH 7.4, and aerated conditions.
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kinetic energy of the photoelectrons was measured at a 45° take-off.
The vacuum in the analysis chamber was approximately 1 × 10−9

torr. The XPS results were analysed using PHI MultiPak software
(V9.0). High-resolution scans of C 1 s, N 1 s, O 1 s, Co 2p, Cr 2p,
Mo 3d, and P 2p were obtained at a 23.5 eV pass in 0.05 eV steps.

Results and Discussion

OCP, PDP, and EIS measurements of the complex surface
layer.—To evaluate the role of the BSA protein molecule in the
electrochemical response, OCP, PDP, and EIS measurements were
used during protein adsorption on the complex oxide layer of the
CoCrMo alloy immersed in the PBS solution. The OCP curves
obtained for the solutions containing different BSA concentrations
(Fig. 1a) clearly show that the OCP of the CoCrMo gradually
increased, which is mainly related to the passive film growth during
immersion for 1 h. Adding BSA protein to the solutions containing
0–2 g l−1 of PBS decreased the potential from −190 mV (0 g l−1 of
BSA) to −280 mV vs Ag/AgCl (2 g l−1 of BSA) after 1 h immersion
time. As stated previously,35,39 this result can be attributed to the
cathodic inhibition of the BSA, which acted as an inhibitor and
controlled the kinetics of both the metal ion release and reduction
reactions, including oxygen and hydrogen reactions.

Figure 1b illustrates the PDP curves generated after the OCP
measurements of the CoCrMo alloy immersed in PBS solution for
1 h with different BSA protein concentrations. The important
electrochemical parameters of the PDP curves including the corro-
sion potential (Ecorr), corrosion current density (icorr) calculated
using Tafel extrapolation, and passive current density (ipass) are
reported in Table I. As reported previously, by increasing the BSA
protein concentration from 0 to 2 g l−1, Ecorr decreased (−1950 g/l >
−2500.5 g/l > −2921 g/L > −3302 g/l mV vs Ag/AgCl) owing to the
effect of the BSA protein on the cathodic reaction.16,54 Moreover, a
small peak appears on the anodic branch of the PDP curve obtained
for the CoCrMo sample (inserted image) in the absence of the BSA
protein during sweeping to the passivity region at approximately
72 mV vs Ag/AgCl. This peak has been attributed to the intense
contribution of the chromium (Cr) as both Cr2O3 and Cr(OH)3 to the
growth and compaction of the passive layer.36 Moreover, the BSA
increased both icorr and ipass (Table I). Notably, gradually increasing
the BSA protein concentration from 0.5 to 2 g l−1 decreased ipass,
suggesting that at low concentrations, the complexing effect of the
BSA molecules with the metal substrate plays a major role leading to
greater dissolution or metal–protein complex detachment, while at
higher BSA concentrations, more protein is absorbed on the surface,
thereby providing a shielding effect.1

Under physiological conditions in the human body, inflammatory
cells can release reactive oxygen species (ROSs), thus increasing the
degradation of implant materials.7 According to the results of
previous studies conducted under simulated inflammation condi-
tions, the electrochemical potential of the CoCrMo alloy can
positively shift from −0.1 to +0.65 V owing to the Fenton reaction
and the formation of hydrogen peroxide (H2O2).

25 Therefore, we
polarized the CoCrMo samples for 1 h at anodic potentials +100 mV
and +300 mV vs Ag/AgCl (compared to OCP as a reference) in all
the tested solutions. Then, EIS was used to visualise the simulta-
neous influences of the passive film growth, protein adsorption on

the positively charged passive film, and material degradation (i.e.
resistance to charge transfer) on the CoCrMo samples (Fig. 2). The
EIS spectra were fitted using the equivalent circuits (Figs. 2d and 2e)
and ZView® software (Scribner Associates), and the results are listed
in Table II.

For the non-polarized samples (i.e. under the OCP condition),
only one time-constant was detected for a complex layer composed
of a thin passive film, phosphate species, and an adsorbed protein
layer54 (Fig. 2). The equivalent electrical circuit (EEC) parameters
are as follows: solution resistance (Rs), metal/complex layer resis-
tance, and constant phase element (Rcomplex and CPEcomplex).

Although two time-constants were detected for the polarized
samples, the low-frequency responses were assumed to correspond
to the metal/oxide film (Roxide and CPEoxide) and the high-frequency
ones to the oxide film/adsorbed layer (Rads and CPEads).

55 Therefore,
the adsorbed layer was composed of phosphate species, metal–-
protein complexes, and a thin layer of adsorbed BSA protein.54 The
impedance of the CPEs was calculated using the following
equation:53

ω
=

( )
[ ]Z

Y j

1
, 1CPE n

0

where Y0 is the modulus, j is the imaginary unit, ω is the angular
frequency, and n is the CPE exponent (−1 ⩽ n ⩽ 1).

The impedance magnitude at 10 mHz was used to compare all the
tested samples (Fig. 3). The CoCrMo samples polarized at +300 mV
vs Ag/AgCl in the solutions containing different BSA protein
concentrations exhibited a higher absolute impedance at 10 mHz
or total resistance (RTotal = Rs+Rads + Roxide) than those in OCP and
+100 mV vs Ag/AgCl polarized conditions (Z+300 mV > Z+100 mV >
ZOCP, (Figs. 2 and 3)). RTotal increased with increasing applied
overpotential because the increased thickness and compactness of
the passive layer particularly affected the oxide.54,56

The CoCrMo alloy immersed the blank PBS solution exhibited
higher impedance than the counterparts immersed in all the solutions
containing various BSA protein concentrations under all the applied
overpotential conditions (i.e. OCP, +100 mV, and +300 mV vsAg/
AgCl). This is attributed to the adsorption of the phosphate species
( −HPO4

2 and −H PO2 4 ) on the oxide layer, which blocks the active sites
and provides a more pronounced shielding effect compared to the
adsorption of protein molecules and/or protein–metal complexes.1

Likewise, metal phosphate complexes such as orthophosphate
(CrPO4) and metaphosphate (Mo(PO3)3) can form, which directly
affect the absolute impedance.1 The EEC elements (Table II) show
that the resistances of the adsorbed layer (Rads) and the oxide film
(Roxide) in the polarized samples both improved with increasing BSA
protein concentration from 0.5 to 2 g l−1. Therefore, when the
protein concentration was increased from 0.5 to 2 g l−1, the
resistances slightly increased, which in turn directly increased the
absolute impedances measured at 10 mHz (Fig. 3). This could be
because when the solution contained a high BSA concentration, the
BSA strongly adsorbed on the metal or oxide surfaces by electro-
static or hydrophobic (i.e. chemisorption through carboxylate/amino
groups) interactions and then inhibited the electrochemical
reactions.2,39 When the solution contained a low BSA concentration,
on the other hand, the BSA could compete with the phosphate

Table I icorr, Ecorr and ipass data which obtained from PDP curves in Fig. 1b.

BSA concentration (g.l−1) icorr (A.cm
−2) Ecorr (mV vs Ag/AgCl) ipass (A.cm

−2)

0 0.7 ± 0.3 × 10–7 −195 ± 15 1.6 ± 0.3 × 10–6

0.5 2.4 ± 0.5 × 10–7 −250 ± 30 4.2 ± 0.4 × 10–6

1 1.9 ± 0.4 × 10–7 −292 ± 20 3 ± 0.2 × 10–6

2 1.2 ± 0.2 × 10–7 −330 ± 25 2.5 ± 0.2 × 10–6
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species for surface adsorption, thereby weakening the protective
effect of the adsorbed phosphate species on the passive thin film.55

Protein–oxide complex surface analysis by XPS.—XPS surface
analysis was used to reveal the influence of different applied
overpotentials (i.e. OCP and only +300 mV vs Ag/AgCl) on the
chemical distribution and BSA protein adsorption on the complex
oxide layer of the CoCrMo alloy. To interpret the synergistic effect
of the applied overpotential and BSA protein adsorption on the
release of metal ions, the individual high-resolution XPS spectra of
the main elements are shown (Fig. 4), including Co 2p, Cr 2p, Mo
3d, P 2p, C 1 s, N 1 s, and O 1 s together with the elemental
distributions on the CoCrMo oxide layer surface calculated from the
XPS results (Fig. 4h).

The Co spectrum presents two peaks corresponding to Co 2p3/2
and 2p1/2 at binding energies of 777.9 and 792.5 eV, respectively,
alongside one peak corresponding to cobalt hydroxide (Co(OH)2) at
781.5 eV.34 Moreover, four peaks corresponding to Cr were detected
in the Cr spectrum, including Cr2O3 2p3/2 and 2p1/2 at binding
energies of 576.4 ± 0.1 and 586.1 ± 0.1 eV, respectively, and Cr0

2p3/2 and 2p1/2 at binding energies of 573.5 ± 0.6 and 582.5 ± 0.6 eV,
respectively.36 The Mo spectrum exhibits three main peaks including
two corresponding to metallic Mo at binding energies of 227.8 eV
(Mo 3d5/2) and 231.0 eV (Mo 3d3/2) and one corresponding to MoO3

at a binding energy of 232.5 eV (3d5/2).
34,36,57 In the C spectrum, the

main C peaks originated from airborne carbon or contamination.
However, BSA was included in both CO‒NH peptides and amino
(‒NH2) and carboxyl (‒COOH) groups.58

Thus, the C 1 s peaks can be deconvoluted into three peaks at
binding energies of 284.8 ± 0.2, 286.0 ± 0.1, and 287.8 ± 0.2 eV, which
are related to mainly C‒C and C‒H bonds, peptidic residues or C‒O
and C‒N bonds, and N‒C=O bonds, respectively,28,59 suggesting that
the higher-intensity C and N peaks obtained for the surface layer of the
CoCrMo immersed in the BSA solution are attributed to the BSA
protein adsorption on the oxide surface. Likewise, the P spectrum
(P 2p3/2) peak was distinguished between binding energies of 133.2 eV
and 134.1 eV.54 The O 1 s spectrum exhibited two dominant peaks
originating from oxide (O2−) at 530.4 ± 0.5 eV and hydroxide or
hydroxyl groups at 531.8 ± 0.3 eV arising from metal oxides and
oxidised surface carbon.34 The surface oxide layer of the CoCrMo was
highly enriched with Co, Cr, and Mo oxides under the OCP and
+300 mV vs Ag/AgCl conditions only for the samples immersed in the
blank PBS solution (Fig. 4). However, with the addition of BSA protein

to the PBS solution, the surface oxide layer exhibited less distribution of
Co, Cr, and Mo under both the OCP and +300 mV vs Ag/AgCl
overpotential conditions. Likewise, the BSA protein environment
significantly inhibited the formation and growth of the complex oxide
layer on the CoCrMo surface, which was accompanied by a weakening
O spectrum signal54,60 (Figs. 4g and 4h). Notably, the BSA protein
layer (approximately 6–8 nm thick as calculated by the AFM maps in
Fig. 9) covering the oxide layer slightly affected the Co, Cr, and Mo
contents in the passive film.

When BSA protein was added to the PBS solution, the P
elemental distribution on the oxide layer surface of the CoCrMo
alloy remarkably decreased under both the OCP and +300 mV vs
Ag/AgCl conditions (Figs. 4f and 4h). Therefore, the BSA molecules
inhibited and controlled the adsorption of the phosphate species on
the surface of the CoCrMo complex oxide layer. These results are in
accordance with those of a previous study, which showed that BSA
protein remarkably slowed the ionic diffusion of the calcium and
phosphate species to adsorption and then to the formation of the
surface crystal.54,61 Indeed, when the BSA concentration was
increased, the nucleation and crystal growth of the calcium-

Figure 2. Bode phase and Bode magnitude diagrams of CoCrMo alloy in the PBS solution with the various concentrations of BSA protein at 37 °C, pH 7.4, and
aerated condition, after 1 h polarization at (a) OCP, (b) +100 mV vs Ag/AgCl, (c) +300 mV vs Ag/AgCl, equivalent electrical circuits of EIS measurements into
(d) one time constant (e) two-time constants.

Figure 3. Impedance magnitude at 10 mHz ∣Z10 mHz∣ for all CoCrMo
specimens at different applied overpotentials and protein concentrations.
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Table II. EIS extracted parameters for CoCrMo alloy in the presence of different BSA protein concentrations and overpotential conditions in Fig. 2.

Condition ( g.l−1 BSA) Rs (Ω.cm
2) Rads (kΩ.cm

2) CPEads (μΩ
−1.sn.cm−2) nads Rcomplex/oxide (MΩ.cm2) CPEcomplex/oxide (μΩ

−1.sn.cm−2) ncomplex/oxide

OCP
0 90 ± 4 0.41 ± 0.02 52 ± 2 0.92 ± 0.03
0.5 123 ± 10 0.18 ± 0.06 60 ± 2 0.91 ± 0.02
1 127 ± 5 0.24 ± 0.05 82 ± 2 0.91 ± 0.01
2 88 ± 6 0.26 ± 0.05 108 ± 2 0.90 ± 0.02
+100 mV
0 112 ± 6 0.45 ± 0.3 238 ± 40 0.82 ± 0.01 1.02 ± 0.04 50 ± 10 0.96 ± 0.02
0.5 96 ± 5 0.32 ± 0.5 254 ± 40 0.80 ± 0.02 0.34 ± 0.05 66 ± 7 0.94 ± 0.01
1 79 ± 5 0.32 ± 0.3 260 ± 50 0.83 ± 0.01 0.56 ± 0.09 72 ± 3 0.94 ± 0.01
2 76 ± 5 0.37 ± 0.4 270 ± 70 0.84 ± 0.02 0.94 ± 0.08 78 ± 2 0.97 ± 0.03
+300 mV
0 123 ± 3 0.49 ± 0.4 250 ± 50 0.80 ± 0.01 1.15 ± 0.06 54 ± 5 0.92 ± 0.02
0.5 128 ± 5 0.33 ± 0.2 265 ± 60 0.81 ± 0.02 0.54 ± 0.05 71 ± 4 0.92 ± 0.03
1 145 ± 7 0.42 ± 0.3 280 ± 30 0.81 ± 0.01 0.95 ± 0.07 76 ± 6 0.94 ± 0.02
2 214 ± 4 0.40 ± 0.6 290 ± 50 0.85 ± 0.02 1.04 ± 0.1 87 ± 5 0.95 ± 0.01
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phosphate species were both notably inhibited, thereby affecting the
surface morphology. In the PBS environment, −HPO4

2 and −H PO2 4 are
the dominant species that can easily adsorb onto CoO, Cr2O3, and
MoO3 oxide surfaces to form a thin phosphate-complex film.1 In the
P spectrum, the P 2p3/2 peak at a binding energy of 133.4 eV
originated from CrPO4.

35 The thin phosphate-rich layer formed on
the surface of the CoCrMo complex oxide immersed in the blank
PBS solution offers better degradation protection compared to the
PBS + BSA environment, thereby hindering the release of Co, Cr,
and Mo ions or blocking the mass transport.

A precise correlation can be established between the lowest Co,
Cr, and Mo concentrations and the highest C and N contents on the
surface oxide layer of the CoCrMo when the samples were polarized
at +300 mV vs Ag/AgCl and immersed in the PBS + BSA
environment. Indeed, when a positive surface charge (+300 mV vs
Ag/AgCl) was applied, the BSA molecules exhibiting a negative
zeta potential62 tended to adsorb strongly owing to electrostatic
interaction with the complex oxide layer, which finally triggers
higher protein adsorption (i.e. higher C and N contents). This was
confirmed by FE-SEM and AFM/SKPFM surface analyses, which
will be discussed in the next section. Figure 5 shows a schematic

representation of the impact of the BSA protein on the metal ions
released from the CoCrMo surface at different overpotentials.

Surface potential and protein conformational arrangements.—
The CoCrMo alloy exhibiting heterogeneous oxide components
during exposure to the simulated physiological environment can
show different adsorption mechanisms for various ions and protein
species, protein conformations, and metal-ion releases. When a
positive overpotential is applied to the alloy, the aforementioned
parameters can change because of new evolutions on the surface
oxide layer, including chemical compositions (as determined by
XPS), nanometric roughness, and WFEs exhibiting occupied and
unoccupied densities of state.63 Figure 6 presents the AFM and
SKPFM maps of the CoCrMo specimens immersed in PBS +
0.5 g l−1 of BSA for 1 h at different applied overpotentials including
OCP, +100 mV, and +300 mV vs Ag/AgCl. In addition, the AFM
and SKPFM maps of a polished or fresh CoCrMo alloy surface are
reported as a reference (Fig. 7).

The AFM topography map of the sample to which the OCP was
applied (Fig. 6a) clearly reflects the microstructure of the CoCrMo
alloy, wherein different grains and twins are visible (without any

Figure 4. XPS spectra of (a) Co2p, (b) Cr2p, (c) Mo3d, (d) C1s, (e) N1s, (f) P2p, and (g) O 1s electron energy regions on CoCrMo alloy after exposing to PBS
solution for 1 h at OCP and +300 mV vs Ag/AgCl with and without 2 g.l−1 BSA, (h) Relative element in surface oxide obtained from XPS spectra.
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evidence of protein formation). However, when positive overpoten-
tials of +100 mV and then +300 mV vs Ag/AgCl were applied, the
features of the alloy microstructure gradually disappeared and the
BSA protein micro-/nano-networks gradually formed on the
CoCrMo surface (Figs. 6c and 6e). Because SKPFM is very sensitive
to surface evolution, the corresponding surface potential maps
demonstrate a homogenously distributed surface potential under
OCP conditions (Fig. 6b). In contrast, at +100 mV and +300 mV vs

Ag/AgCl, BSA protein micro-/nano-networks were heterogeneously
distributed in the surface-potential images (Figs. 6d and 6f). At high
resolutions of 1 × 1 μm2 and 500 × 500 nm2, the CoCrMo surface
to which the OCP was applied (Fig. 8) exhibited uniform adsorption
of BSA protein as denatured and aggregated shapes, suggesting that
the applied positive overpotential significantly affected the shape
and amount of protein adsorption and, in turn, the surface potential
distribution. Albumin is the strongest metal binder among human

Figure 5. Schematic representation of the applied overpotential impact on the BSA protein adsorption and metal ion release on the surface of CoCrMo alloy.

Figure 6. AFM (first row) and SKPFM (second row) images of CoCrMo alloy polarized for 1 h at different overpotentials (a), (b) OCP, (c), (d) +100 mV vs Ag/
AgCl, (e),( f) +300 mV vsvs Ag/AgCl, in PBS + 0.5 g.l−1 BSA protein environment, (g) The surface potential histogram and (h) PSD plots related to SKPFM
maps.
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blood proteins and is present in high concentrations in synovial
fluid.10 BSA molecules are approximately 4 × 4 × 14-nm
ellipsoids.23

The aggregated BSA proteins (Fig. 8c) present heights in the
range 4–6 nm, while the height of the denatured proteins is
approximately 3 nm. Moreover, the width (or length) of both the

denatured and aggregated BSA proteins is approximately 20–40 nm,
which is wider (or longer) than the aforementioned real size of the
BSA molecule. However, this deviation is due to the AFM tip–-
sample interaction, and the correction is approximately 10–20 nm
according to a previous study.29 The conformational or structural
changes in a protein molecule from a uniform morphology to a

Figure 7. (a) AFM and (b) SKPFM images of the CoCrMo polished surface.

Figure 8. (a) Topography image of adsorbed BSA protein on CoCrMo alloy after 1 h immersion in PBS + 0.5 g.l−1 BSA solution at OCP, 37 °C, pH 7.4, and
aerated conditions, (b) Higher magnification image of marked region in (a), (c) The topography line profile in (b).

Table III. Extracted Gaussian distribution parameters from the surface potential histograms in Figs. 6 and 9.

Region label Constituents Mean value of surface potential (mV)

CoCrMo alloy Substrate 14.3 ± 3.4
0.5 g.l−1 BSA protein
OCP Substrate+BSA protein 18.4 ± 4.7
+100 mV Substrate 38.5 ± 10.1

BSA protein 26.8 ± 9.6
+300 mV Substrate 42.5 ± 10.7

BSA protein 34.8 ± 8.7
BSA aggregated 28.7 ± 16.2

2 g.l−1 BSA protein
OCP Substrate 37.5 ± 6.4

BSA protein 30.7 ± 12.5
+100 mV Substrate 53.1 ± 30.4

BSA protein 37.3 ± 26.5
+300 mV Substrate 56.3 ± 16.4

BSA protein 42.1 ± 15.1
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heterogeneous or network one are related to the surface properties of
the substrate and migratory parameters.64 These properties could
synergistically affect protein adsorption mechanisms, including
Langmuir isotherms and cooperative adsorption.

The surface potential image obtained at OCP (Fig. 6b), suggests
that the main mechanism by which BSA protein molecules adsorb on
the oxide layer of the CoCrMo alloy surface is based on the
Langmuir adsorption model, wherein BSA proteins tend to fill the
available unoccupied surface sites and the density of the adsorbed
proteins somewhat fluctuates owing to the heterogeneity of the oxide
layer. However, polarization at both +100 mV and +300 mV vs Ag/
AgCl changed the BSA protein molecular adsorption mechanism
into cooperative adsorption dominated by the electrostatic force
because the positive surface charge could overcome the hydrophobic
protein–surface interactions. According to the cooperative adsorp-
tion mechanism, BSA protein molecules preferentially adsorb in the
vicinity of other pre-absorbed proteins, and then self-migration and
lateral movements lead to a special morphology distribution.22 This
network or cluster morphology has been reported in a previous study
in which FE-SEM was used to examine the morphology and AFM-
peak force deformation maps were used for a CoCrMo alloy
cathodically polarized at −0.9 V vs a saturated calomel electrode
(SCE) in PBS + 15 g l−1 BSA media at 37 °C.65

The BSA protein regions exhibited lower surface potentials with
respect to the substate (Figs. 6b, 6d and 6f). Notably, the electro-
static surface potentials of biological molecules strongly depends on
the isoelectric point (IEP) and the surrounding surface charge of the
substrate.48 Moreover, the pH indicates that the protein surface
charge is minimised, as defined by IEP.66 Based on theoretical
calculations and experimental measurements, the IEP of the BSA
protein is between 4.7 and 5.4%mechanisms of photo-assisted
charge12,66 At pH 7.4, the BSA protein presents a negative zeta
potential, and the positive surface charge on the oxide layer during
anodic polarization leads to strong BSA protein adsorption by
electrostatic attraction. Therefore, +300 mV vs Ag/AgCl polariza-
tion induces high BSA protein adsorption and more heterogeneity of
both the surface potential and conformational arrangement (Figs. 6e
and 6f). In fact, more protein unfolding or denaturation was observed
at polarization under the +300 mV vs Ag/AgCl condition than those
in OCP and +100 mV vs Ag/AgCl conditions.

The histograms of the surface potentials conducted under
different conditions (Fig. 6g) show one uniform peak for both
polished CoCrMo and the OCP, a bi-modal peak distribution (i.e.
substrate and BSA protein) when the CoCrMo was polarized at
+100 mV vs Ag/AgCl, and a tri-modal peak distribution (i.e.
substrate, BSA protein, and aggregated BSA protein) when the
CoCrMo was polarized at +300 mV vs Ag/AgCl. The deconvoluted
histograms and extracted Gaussian distribution parameters are
presented in Table III. Clearly, when the experimental conditions
were changed from the polished or fresh CoCrMo alloy to the OCP
and finally to polarization at +300 mV vs Ag/AgCl, the total surface
potential increased, as all the peaks shifted toward higher values due
to the synergistic effect of the oxide film growth and the BSA
protein adsorption (Table III and Fig. 6g). Moreover, from the
SKPFM maps, changes in the morphology of the adsorbed protein
clusters could be observed. When the specimens were polarized at
+100 mV vs Ag/AgCl, the protein formed large clusters in the range
2–15 μm (Fig. 6d), while when polarized at +300 mV vs Ag/AgCl,
the protein exhibited a fibrillar morphology consisting of narrower
clusters of approximately 200 nm to 4 μm (Fig. 6f). From the PSD
profiles of the surface potential images (Fig. 6h), all the surface
features of the CoCrMo (i.e. substrate and BSA protein) polarized at
+300 mV vs Ag/AgCl exhibited higher PSD magnitude (mV2

∙μm)
than the CoCrMo under the other conditions over the entire range of
spatial frequencies. In addition, the higher spatial frequencies in the
PSD profiles (Fig. 6h) indicate that the BSA protein regions
exhibited the lowest surface potential. Moreover, the lower spatial
frequencies exhibiting the highest PSD magnitude were attributed to
the substrate (i.e. oxide layer) exhibiting the highest surface
potential, which were higher for the specimens polarized at
+300 mV vs Ag/AgCl than OCP and +100 mV vs Ag/AgCl
conditions.46

When the BSA protein concentration was increased from 0.5 to
2 g l−1 in the PBS solution, more of the CoCrMo surface was
covered with BSA protein exhibiting fibrillar morphology for the
sample at the OCP and exhibiting micro-/nano-networks for the
samples polarized at +100 mV and +300 mV vs Ag/AgCl (Fig. 9).
As mentioned above, only the surface potential map at OCP +
0.5 g l−1 (Fig. 6b) presented the uniform surface potential distribu-
tion, without any evidence of BSA protein, whereas in 2 g l−1 BSA,

Figure 9. AFM (first row) and SKPFM (second row) images of CoCrMo alloy polarized for 1 h at different overpotentials (a), (b) OCP, (c), (d)+100 mV vs Ag/AgCl,
(e), (f) +300 mV vs Ag/AgCl in PBS + 2 g.l−1 BSA protein environment, (g) The surface potential histogram and (h) PSD plots related to SKPFM maps.
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a fibrillar morphology of BSA protein is detectable at OCP
conditions (Fig. 9b).

Notably, the large domain or micro-networks of the BSA protein
were in the range 5–20 μm for the sample polarized at +300 mV vs
Ag/AgCl. According to the histogram of the surface potential maps
(Fig. 9g) and the corresponding data (Table III), adding 2 g l−1 of
BSA protein to the PBS solution significantly increased the total
surface potential of the surface features, including the protein
regions and the substrate, compared to adding only 0.5 g l−1 of
BSA protein to the PBS solution under all the applied overpotential
conditions. The PSD curves of the CoCrMo samples (Fig. 9h)
revealed different slopes (2.05, 0.45, and 0.12 μm−1) under all the
overpotential conditions and a heterogeneously distributed PSD
magnitude over all the spatial frequencies, which is consistent
with the higher standard deviation as observed in histogram analyses
(Table III).

Degradation phenomena on the complex oxide layer.—As
reported in the previous sections, the BSA protein concentration
and the applied overpotentials both considerably controlled the type

and amount of BSA adsorption, its morphology, the elemental
distribution on the CoCrMo oxide layer, and the metal ions released.
To visualise the synergistic effect of both the BSA protein
concentration and the applied overpotential on the degradation of
the CoCrMo, the alloy surface was observed using FE-SEM
(Fig. 10). Based on the BSA protein morphology distribution, a
correlation can be established between the surface potential maps
(Figs. 6 and 9) and the FE-SEM images. However, different regions
exhibiting intensely localized corrosion attack are clearly visible on
the samples immersed in 0.5 g l−1 of BSA and polarized at
+300 mV vs Ag/AgCl (darker regions in Fig. 10c) extended over
the whole surface of the observed specimen. These attacks are
mainly localized at the protein/substrate interface (Fig. 10g), which
is consistent with our prior work54

Clearly, the CoCrMo surface layer was intensively degraded (i.e. the
passive film breakdown), especially near the BSA protein region.
Nevertheless, these types of corrosion attacks were not observed for the
sample immersed in the 2 g l−1 BSA solution and polarized at
+300 mV vs Ag/AgCl. This could be because higher protein concen-
trations can strongly hinder the metal ion releasing process and the

Figure 10. SEM images of CoCrMo alloy after 1 h polarization at OCP, +100 mV, and +300 mV vs Ag/AgCl at 37 °C, pH 7.4, and aerated conditions in PBS
plus (a)–(c) 0.5 g.l−1 and (d)–(f) 2 g.l−1 BSA concentration; (g) SEM image of the marked region in (c), (h) a schematic representation for degradation process
on CoCrMo alloy in the presence of BSA protein with different mechanisms after passing time (short or long-term).
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initiation of localized corrosion attacks, as stated in the electrochemical
measurements section. The different degradation mechanisms of
metallic implants during interaction with various protein molecules
such as human serum albumin (HSA), fibronectin, and BSA proteins
can be categorised as follows: (1) shielding or inhibition of cathodic
reactions, (2) attraction of counterions, (3) complexation with various
oxide constituents, and (4) the Vroman effect (Fig. 10h).

The BSA protein initially decreases the release of metal ions
owing to the shielding effect by inhibiting the cathodic reactions on
the passive film. However, depending on the time frame (from
milliseconds to years), the BSA can trigger an increase in the release
of metal ions.2,10 However, the interface between the BSA-covered
and un-covered regions attracts counterions (such as Cl−). Thus, in
such regions, counterions can penetrate the adsorbed protein layer,
reach the passive film region, and eventually promote localized
corrosion (Fig. 10c). The metal–protein conjugates formed owing to
the complexation of the BSA with metal or metal–oxide species on
passive film surfaces is another reason that metallic implants
degrade.14,67 Moreover, the Vroman effect intensifies the corrosion
of metallic implants in protein environments owing to the

detachment of metal–protein bonds under the control of the adsorbed
protein exchange.

It is important to clarify the physiological environment and
surface chemistry (as previously discussed), which directly influence
the degradation intensity of implanted material and its corrosion/
biodegradation mechanism time. The BSA molecules act as a barrier
to control the kinetics of the mass diffusion at solution/protein/oxide
layer interfaces (Fig. 11a). Therefore, phosphate or other species in
the solution especially metal ions released from the oxide layer tend
to accumulate under the BSA protein layer, while the un-covered
region (i.e. substrate) has easy access to the metal ions released into
the physiological media. This phenomenon provides an important
condition for reducing the pH around the protein-covered/ un-
covered substrate interface region because of the acidifying me-
chanism induced by the metal ions and eventually leading to crevice
corrosion attack.54,68 Another possible degradation mechanism is
that counterions tend to adsorb and then precipitate in the adsorbed
protein layer/exposed interface region (Fig. 11b). According to the
counterion condensation theory established in biophysical models,
solubilised organic species, such as DNA and/or proteins, are

Figure 11. A schematic plus real evidence representation of CoCrMo alloy degradation in the presence of BSA protein with different mechanisms including (a)
crevice corrosion due to aggregation of released metal ions in covered protein region which cause to more acidify and metal-protein complex formation, (b)
Pitting corrosion due to adsorption and aggregation of counterions at the interface between covered protein region and un-covered protein regions and (c)
Formation of anodic and cathodic zones only in OCP condition due to difference on local electrical surface potential or surface charge between protein covered
region (low surface charge transfer) and protein un-covered region.
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surrounded by a shell of counterions for charge compensation.50

Likewise, it has been reported that most counterions significantly
influence the electrical potential surfaces of solubilised proteins and
bind at defined points around protein surfaces.69 A previous study
utilising AFM/SKPFM found that a single DNA molecule adsorbed
on a silicon substrate was surrounded by a salt buffer precipitate that
exhibited a higher electrostatic surface potential than the DNA
molecule.50 Therefore, such interfaces where counterions (especially
Cl−) are highly likely to adsorb are susceptible to corrosion
initiation. As stated in the SKPFM investigation (Section 3.3), the
protein-enriched regions exhibited a lower electrical surface poten-
tial distribution than the un-covered regions, which means that weak
electrostatic or Coulombic interactions can be established between
the protein layer and the AFM tip.66 This insight explains why the
adsorbed protein region tends to lower the charge transfer from the
oxide layer under the top protein layer.70,71 In our previous study on
the interaction between the BSA protein and the Ti6Al4V alloy,54

localized corrosion attacks were visualised using SEM at the protein/
Ti6Al4V interface owing to crevice corrosion and the difference
between the surface potentials of the protein and substrate regions.
Consequently, two regions could be formed only when the samples
were at the OCP or when an overpotential was not applied, including
in the cathodic zone or the nobler region (which had better access to
free electrons for reduction reactions) and in the anodic zone or the
active region which had less access to free electrons owing to the
hindering effect of the BSA protein layer (Fig. 11c).

Conclusions

In this study, the influence of both the BSA protein concentration
and the applied overpotential on the protein adsorption mechanism,
distribution/morphology, and surface potential of CoCrMo alloys
was elucidated using AFM, SKPFM, XPS, FE-SEM, and electro-
chemical measurements.

The CoCrMo alloy exhibited the highest corrosion resistance in
the blank PBS solution and improved resistance against metal ions
released in the high concentration (2 g l−1) BSA protein solution
compared to the low concentration (0.5 g l−1) one. The XPS analysis
of the CoCrMo specimens immersed in the PBS + BSA solution and
different overpotential conditions (OCP and +300 mV vs Ag/AgCl )
indicated that the intensity of the C and N peaks increased owing to
BSA protein adsorption and that the Co, Cr, Mo, and O contents
decreased within the passive film. FE-SEM and SKPFM images
showed that when the overpotential condition on the CoCrMo
surface was changed from the OCP to +100 mV and finally to
+300 mV vs Ag/AgCl for 1 h, the morphology of the adsorbed BSA
protein changed from a uniform protein layer to large heteroge-
neously distributed micro-/nano-networks. Moreover, when the
surface overpotential and the protein concentration were simulta-
neously increased from the OCP to +300 mV vs Ag/AgCl and from
0.5 to 2 g l−1, respectively, more protein covered the CoCrMo
surface owing to electrostatic interaction. The SKPFM images
showed a lower surface potential distribution in the BSA protein-
covered regions. The histogram and PSD analyses of the surface
potential maps showed that increasing the BSA protein concentra-
tion from 0.5 to 2 g l−1 increased the total surface potential
distribution on the CoCrMo surface. Finally, FE-SEM micrographs
indicated the initiation of localized corrosion attacks at the BSA
protein/substrate interface owing to the adsorption of counterions
and the difference between the electrical surface potentials.
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