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A B S T R A C T   

Protein adsorption on the surface of implant materials greatly affects the performance of the implants, such as 
their stability as well as the release of metal ions from and the adhesion of cells to their surface. In addition, the 
production of extracellular H2O2 from the activation of inflammatory cells could interfere with protein–metal 
interactions and/or modify the conformation of adsorbed proteins. In this study, we utilised scanning Kelvin 
probe force microscopy (SKPFM) to visualise the impact of H2O2 on bovine serum albumin (BSA) adsorption on 
the positively polarised Ti6Al4V alloy in a phosphate-buffered saline (PBS) solution. We show that the negatively 
charged BSA adsorbs onto the surface of polished and anodically polarised Ti6Al4V in a dense layer with a 
continuous network-like morphology or cluster shape and reduces the variation in the total surface potential 
compared to that of blank Ti6Al4V. However, addition of H2O2 to the PBS solution interferes with the formation 
of the dense protein network, and only a thin and discontinuous protein layer adsorbs onto the surface of the 
Ti6Al4V alloy, lowering the total surface potential difference. The information presented in this work provides 
new insights into the adsorption distribution of proteins on metallic substrates in biomaterials field.   

1. Introduction 

The tissue compatibility and cell adhesion properties of implants are 
primarily affected by the interactions of proteins during the implanta
tion of biomaterials in the human body [1,2]. The amount of protein that 
is adsorbed, its type, and its conformational arrangement strongly con
trol subsequent interactions, including adhesion and proliferation of the 
cell, inflammatory responses, and particularly metal-ion release from 
the solid surface (i.e. degradation processes) [3]. Protein adsorption on 
solid surfaces is a complex process involving electrostatic, hydrophobic, 
and van der Waals interactions as well as hydrogen bonding [3,4]. Ac
cording to previous reports [5,6], the electrostatic and hydrophobic 
interactions are greatly influenced by the surface properties of the 
substrate as well as the physiological conditions (e.g. pH, ion concen
tration, and temperature). 

Titanium and titanium alloys are among the most widely used bio
materials owing to their biocompatibility, excellent mechanical 

properties, and high corrosion resistance [7]. Thus far, titanium alloys 
have been used in orthopaedic, dental and cardiovascular devices, the 
main implants that replace hard tissue [8]. Ti6Al4V alloy is one of the 
most well-known titanium alloys because it combines high corrosion 
resistance and excellent mechanical properties due to its dual micro
structure with mixed alpha (α) and beta (β) phases [9]. Nevertheless, 
after exposure to physiological media and upon interaction with pro
teins, inadequate osseointegration and osteoconductivity as well as 
increased metal-ion release have been reported for these materials 
[7,10]. Cathodic and anodic electrochemical reactions on the oxide film 
of titanium and its alloys in physiological media lead to the reduction of 
oxygen, which proceeds through partial reactions with radicals and 
hydrogen peroxide (H2O2) [11,12]. Moreover, the activation of in
flammatory cells, particularly macrophages and neutrophils (which are 
the first cells that adsorb onto the implant surface), trigger the pro
duction of high amounts (i.e. µM-mM) of reactive oxygen species (ROS) 
and extracellular H2O2 [10,12]. The presence of ROS and H2O2 further 
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complicates the electrochemical reactions and metal-ion release at the 
oxide layer/protein interface [13]. Likewise, the interaction of H2O2 
species with certain transition-metal ions can produce HO⋅ radicals in a 
Fenton-type reaction, which can oxidise organic compounds such as 
proteins and DNA [14,15]. 

Proteins are often considered to be electrically conductive sub
stances, and their electrical conductivity (EC) after adsorption on a 
surface, which can be described as a homogeneous or heterogeneous 
metal–oxide hybrid, can alter electrochemical interactions and affect 
metal-ion release from the protein-covered surface [6,16]. The EC of 
protein molecules strongly depends on the composition of their amino 
acids as well as their molecular structure [17]. A large number of 
experimental methods have been utilised to study the conductivity of 
biological molecules, particularly proteins. These methods provide 
valuable in-situ and ex-situ insights with respect to the EC of adsorbed 
proteins on solid surfaces and include sandwiching proteins between 
two solid electrodes [18,19], scanning tunneling microscopy [20–24], 
conductive atomic force microscopy (C-AFM) [25–27], scanning Kelvin 
probe force microscopy (SKPFM) [28–30], and electrochemical mea
surements (cyclic voltammetry) [31,32]. For instance, Ron et al. showed 
that tryptophan residue results in high EC in Azurin and bacteriorho
dopsin proteins [18]. Using C-AFM, Xu et al. showed that the EC of 
holoferritin and apoferritin is related to their conductive core as opposed 
to their more insulating shell [33]. In contrast, serum albumin protein is 
characterised by low EC [17,18], and thus its adsorption on metallic 
substrates can impede electrochemical reactions between the metal and 
electrolyte. 

SKPFM enables the measurement of the electrical potential or surface 
charge distribution in various systems, including organic and inorganic 
thin films, micro-electronics, and biological samples, with high spatial 
and electrical resolution [34,35]. The concept of measuring the differ
ence in the work function energy (WFE, ϕ) between two separate ma
terials was originally established by Lord Kelvin [36], and Kelvin probe 
measurement techniques were further improved and developed by other 
researchers [37,38]. The surface potential is sensitive to any type of 
chemical variation, structural change, or surface defect and can be used 
to predict electrochemical activities [39–41]. Owing to its high lateral 
and potential resolution, SKPFM is able to detect charging and dis
charging processes in a single molecule [34] or to distinguish localised 
charges in biological systems, such as DNA and proteins [42]. In this 
study, we used SKPFM as a sensitive method to visualise the adsorption 
and distribution of bovine serum albumin (BSA) on the surface of 
anodically polarised Ti6Al4V. By combining SKPFM with scanning 
electron microscopy (SEM), in-situ atomic force microscopy (AFM), 
electrochemical measurements, and X-ray photoelectron spectroscopy 
(XPS), we determined the effect of H2O2 on the adsorption distribution 
of BSA on the heterogeneous surface of Ti6Al4V with α and β phases in 
the phosphate-buffered saline (PBS) solution. 

2. Experimental procedure 

2.1. Sample preparation 

The specimens were cut from a bulk Ti6Al4V (ASTM F1472) alloy in 
the form of discs with a surface area of approximately 0.36 cm2 and a 
thickness of 1 cm. The chemical composition (in wt.%) of the Ti6Al4V 
alloy was 6.25 Al, 0.065 C, 0.23 Fe, 0.003 H, 0.01 N, 0.185 O, 4.45 V, 
and 0.001 Y (balance Ti). The specimens were wet ground from #500 to 
#4000 mesh with SiC abrasive foil and then polished with an alumina 
slurry to achieve a mirror-like surface. Finally, the samples were cleaned 
in an acetone ultrasonic bath for 30 min and then washed with deionised 
water and dried by blowing air. 

2.2. Electrolyte and electrochemical measurements 

The PBS solution was prepared according to the ASTM Standard 

(F2129) [43] using 8 g⋅L-1 NaCl, 0.2 g⋅L-1 KCl, 1.15 g⋅L-1 Na2HPO4, 0.2 
g⋅L-1 KH2PO4. Protein solutions with a concentration of 1 g⋅L-1 were 
prepared by adding lyophilized BSA powder (Sigma–Aldrich, ≥96% 
agarose gel electrophoresis) to the PBS solution. The pH of the protein 
solutions was measured using a pH meter (GLP 21, CRISON) and was 
7.4 ± 1 at 37 ◦C. To simulate harsh inflammation conditions in vitro, 
hydrogen peroxide (H2O2, PanReac Applichem, 30% w/v (100 vol)) 
with a concentration of 100 µM was added to the protein solution [44]. 

Electrochemical measurements (potentiostatic polarisation and 
potentiodynamic polarisation (PDP)) of the Ti6Al4V alloys were per
formed using an AUTOLAB PGSTAT 30 potentiostat instrument. An Ag/ 
AgCl/KCl3M electrode (+222 mV vs. SHE) and a platinum wire were 
used as the reference and counter electrodes, respectively, and the 
Ti6Al4V specimen was used as the working electrode. The PDP mea
surements were conducted at a scan rate of 1 mV⋅s− 1 from cathodic to 
anodic potentials after 1-hour immersion indifferent solutions, including 
in blank PBS, PBS + BSA, PBS + H2O2, and PBS + BSA + H2O2, to reach 
the steady-state condition and stabilised open-circuit potential (OCP). 
For AFM/SKPFM surface imaging, the working electrodes (Ti6Al4V) 
were anodically polarised at a constant potential of + 200 mV vs. Ag/ 
AgCl for 1-hour in PBS, PBS + BSA or PBS + BSA + H2O2 solutions. After 
this process, all samples were rinsed with deionised water to remove 
weakly adsorbed species from their surface, which could influence the 
surface analysis results. All specimens were dried with blowing air and 
finally stored in a desiccator. 

2.3. Microstructural characterisation and SPM measurements 

To investigate the effect of adsorbed BSA as well as the role of H2O2 
on the surface potential distribution of the Ti6Al4V alloys, combined 
SEM, in-situ AFM, and SKPFM measurements were performed. Surface 
examination was conducted using a field-emission scanning electron 
microscope (JEOL, JSM-7610FPlus, 5 kV, and a working distance of 15 
mm) with a secondary electron (SE) detector. AFM/SKPFM mapping was 
performed to evaluate the topography and surface potential distribution 
on the Ti6Al4V specimen in the blank PBS solution and also with or 
without BSA and H2O2. A Digital Instruments Nanoscope IIIa Multimode 
scanning probe microscope (SPM) with n-type doped silicon pyramid 
single-crystal tip coated with PtIr5 (SCM-Pit probe, tip radius and height 
were 20 nm and 10–15 μm, respectively) was used for the AFM/SKPFM 
measurements. The surface potential maps were recorded in dual-scan 
mode. In the first scan, topography data were obtained in the dynamic 
mode (also known as tapping mode). In the second scan, the tip was 
raised to 100 nm, and the surface potential was recorded by following 
the topography contour registered in the first scan. Topography and 
surface potential maps were collected ex-situ in an air atmosphere at 27 
◦C and a relative humidity of approximately 28%. A pixel resolution of 
512 × 512, a zero-bias voltage, and a scan frequency rate of 0.2 Hz were 
used in all AFM/SKPFM measurements. In-situ AFM maps in the elec
trolyte were recorded in contact mode using a Park AFM XE-100 in
strument while the specimen was polarised to + 200 mV vs. Ag/AgCl in 
an electrolyte containing only PBS + BSA for 1-hour at 37 ◦C. Histogram 
and power spectral density (PSD) analyses based on the multimodal 
Gaussian distributions and fast Fourier transform, respectively, were 
used to interpret the topography and surface potential distribution on 
the heterogeneous surface. The analyses were performed following the 
procedure described in previous studies [45,46]. 

2.4. X-ray photoelectron spectroscopy (XPS) 

Ex-situ XPS measurements were performed using a PHI-5000 Ver
saprobe II (Physical Electronics) with a monochromatic Al Kα X-ray 
source (1486.71 eV photon energy) and a spot diameter of 100 µm. The 
irradiation power of the X-ray beam was set to 25 W to avoid beam- 
induced damage of the protein-covered samples. The kinetic energy of 
the photoelectrons was measured with a take-off angle of 45◦. The 
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vacuum in the analysis chamber was set to at least 1 × 10− 9 Torr. The 
XPS spectra were analysed using the PHI Multipack software (V9.0). 
High-resolution scans of C 1s, N 1s, and Ti 2p were obtained with a pass 
energy of 23.5 eV and 0.05 eV energy step size. 

3. Results and discussion 

3.1. Influence of protein on energy level evaluations by SKPFM 

Using a conductive probe with a low electron-transfer resistance in 
SKPFM/AFM measurements allows the local surface potential or WFE 
distribution on a substrate to be determined without any physical con
tact between the tip and surface [25]. Fig. 1a demonstrates the basic 
principle of SKPFM along with the energy levels (conduction and 
valence bands (ECB and EVB), Fermi level (Ef), and vacuum level (VL)) of 
the tip and substrate. The bare substrate is schematically represented as 
a bulk alloy covered with an oxide layer. The electrostatic interactions 
between the scanning tip and the sample surface depend on the EC of the 
substrate and the bias voltage (positive and negative bias voltage) 
applied to the tip as well as the tip–sample distance [25]. 

The local surface potential is fundamentally affected by the surface 
or bulk charges, surface dipoles, and density of surface electronic states 
[35]. Therefore, at a constant bias voltage and tip–sample distance, the 
recorded WFE values can correspond to the local surface potential dif
ference (ΔSP) between the probe and the studied substrate [34]: 

ΔSP = (∅p − ∅s)/e (1)  

where e is the elementary charge, and ∅p and ∅s are the WFE of the 
probe and substrate, respectively. In a simple semiconductor or dielec
tric material, the surface potential strongly correlates with the surface 
charge [42]. In a more complex system, such as the Ti6Al4V alloy with a 
heterogeneous distribution of oxide compounds, the recorded surface 
potential represents the concentration-weighted sum of the WFEs of the 
oxide constituents, in this case as WFEtotal = ∅pTiO2 + ∅pAl2O3 + ∅pV2O3 
[47]. Likewise, phases with different chemical compositions within an 
alloy exhibit different WFEtotal. The microstructure of a Ti6Al4V alloy is 
composed of two individual phases, α and β, with different chemical 
compositions (the α and β phases are visualised in the SEM micrographs 
in Fig. 2). Thus, in Ti6Al4V, the nominal WFE of the α (86.0% Ti, 2.0 % 
V, and 12.0% Al) and β (79.5% Ti, 12.2 % V, and 8.3% Al) phases can be 
estimated using the following equation [48]: 

WFE =

∑
iWi × ai
∑

iai
(2)  

where Wi is the work function of the individual element i, and ai is its 
atomic percentage. The WFE of Ti, Al, and V in the polycrystalline 

condition are ~ 4.33, ~4.24, and ~ 4.3 eV, respectively [49]. Based on 
the content (i.e. atomic percentage) of these elements in the α and β 
phases, their corresponding WFEs can be calculated, as presented in 
Table 1. 

Furthermore, the semiconducting characteristics of the surface layer 
(e.g. n- or p-type, bandgap, position of occupied and unoccupied states, 
oxygen vacancies, cation interstitials, etc.) affect the magnitude of the 
surface potential. For example, in the Ti6Al4V metallic alloy, TiO2 and 
Al2O3 are n-type semiconductors with a wide bandgap, and V2O3 ex
hibits defective semiconductor properties [50]. The different surface 
charge states of the oxide layers on the α and β phases can influence the 
adsorption distribution of BSA [51,52]. 

It has been previously demonstrated that the adsorption of a mono
layer or a multilayer of organic molecules, such as chemisorbed self- 
assembled monolayers (SAMs), Langmuir–Blodgett (LB) films, and 
even single proteins, influence the measured surface potential (SPOxide) 
[35,53], as schematically represented in Fig. 1b for the BSA molecules 
on the surface. As shown in this figure, adsorbed BSA molecules on the 
surface oxide affect the surface energy levels and influence the elec
trostatic interaction between the tip and BSA-covered oxide layer. The 
BSA–oxide layer interaction also induces band bending (Vbb) and alters 
the effective molecular dipole (µBSA) and interface dipole (Δbond), as 
shown in Fig. 1b. These changes in the surface energy levels originate 
from the new arrangement and the amount of charge carrier on the BSA- 
covered oxide layer [6,34,54]. Consequently, the total amount of surface 
potential on the BSA molecule–oxide complex (SPsurf) can be defined as 
[34]: 

SPsurf = SPOxide + µBSA/e + Δbond (3) 
For adsorbed organic layers thicker than 100 nm, the influence of the 

bulk material normally can be neglected in determining SPsurf because of 
the limited range of interactions between the tip and surface [34,35]. As 
schematically presented in Fig. 3, some chemical and physical charac
teristics of the oxide layer and bulk material, such as surface charge, 
energy, roughness, crystallinity, defects, valance, and conductance 
states [55], substantially affect electron transfer at the protein/oxide 
layer interface, which influences the total surface potential response on 
the adsorbed protein layer. 

3.2. Electrochemical analysis at the solid/protein or H2O2 interface 

As mentioned earlier, the presence of inflammatory cells, particu
larly macrophages and neutrophils, after insertion of implant materials 
results in increased concentrations of ROS and H2O2. The existence of 
these highly oxidising chemicals can influence the electrochemical re
actions and metal-ion release from the implant surface, and in extreme 
cases it may result in aseptic loosening of the implant [10,11]. 
Furthermore, interaction of H2O2 with the implant surface can affect the 

Fig. 1. (a) A schematic representation of SKPFM principle along with energy levels during electrostatic interaction between conductive probe and semiconductor 
oxide-bulk materials at atomic scale (b) The role of organic adsorbed components (BSA protein) on total surface potential difference. 
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protein adsorption mechanism on implant materials. In addition, the 
presence of proteins in the physiological medium and its pre-adsorption 
on the implant surface can alter the detrimental effect of H2O2. In 
practice, owing to the synergistic effect of inflammatory conditions, the 
electrochemical potential value of metallic implants, such as CoCrMo, 
stainless steel, and Ti6Al4V alloys, can shift towards less positive values 
(e.g. + 500 mV) [12,13,56]. To assess the interplay between H2O2 and 
BSA and their corresponding effect on the electrochemical response of 
the implant surface, PDP measurements were performed in electrolytes 
containing only PBS, PBS + H2O2, PBS + BSA, or PBS + H2O2 + BSA, the 
results of which are presented in Fig. 4. As can be seen in this figure, the 
presence of 1 g⋅L-1 BSA in the PBS solution decreases the corrosion po
tential (Ecorr) by lowering the cathodic reaction branch. It has been 
previously reported that the BSA can act as a cathodic inhibitor, con
trolling the cathodic reactions (hydrogen or oxygen evolution) by 

covering the active sites on the heterogeneous surface with chemisorbed 
moieties [2,12]. Adsorbed BSA molecules provide conditions for 
extending the passivity region and increasing the passivity current 
density (ipass) values on the anodic branch of the PDP curve. This phe
nomenon can be described based on the BSA–oxide layer interaction in 
which the protein is the external donor of hydrogen atoms through 
protonation of its amino acid groups on the oxide layer (e.g. Ti oxide, as 
seen in reaction (4)), which results in chemisorption of the protein on 
the surface [57]: 

Ti − OH+NH+
3 →Ti − OH+

2 : NH2 − R (4) 

It is important to note that the phosphate species (e.g. H2PO−
4 and 

HPO2−
4 ) in the PBS solution can also adsorb onto the heterogeneous 

oxide layer of Ti6Al4V (mainly TiO2) and in turn trigger the formation of 
a thin and compact surface film, which reduces the activity or charge 
transfer through the TiO2 oxide layer [1,2]. 

The addition of 100 μM H2O2 to the PBS solution strongly affects the 
electrochemical behaviour. For instance, Ecorr shifts to more positive 
values, the passivity region narrows, and ipass increases. H2O2 has a high 
standard electrode potential (1.54 V vs. SCE), and its reduction provides 
a high positive Ecorr and high cathodic current densities [11]. Previous 
studies have indicated that H2O2 has a negative impact on the metal ion- 
release resistance of Ti implant materials by roughening the surfaces and 
increasing the selective dissolution of the β phase [58–61]. It has also 

Fig. 2. (a) FE-SEM image of etched Ti6Al4V alloy and (b) high magnification image in (a).  

Table 1 
WFE calculated from the surface constituent’s composition in Ti6Al4V alloy.  

Phase Chemical composition (at%) Work function energy (WFE, eV) 

Ti Al V 

Alpha (α) 86.0 12.0 2.0 4.318 ± 0.004 
Beta (β) 79.5 8.3 12.2 4.324 ± 0.008  

Fig. 3. (a) A schematic representation of some chemical and physical properties of the oxide layer and bulk material which affect the total surface potential of 
adsorbed proteins layer. 
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been reported that when Ti is exposed to inflammatory conditions with 
ROS (e.g. superoxide radical species (O.−

2 ) and H2O2) titanium peroxy 
gel (TiOOH) is formed [62]. Nevertheless, the addition of BSA systems 
representing harsh inflammatory conditions results in a decrease in Ecorr 
and further increase both in the passivity region extention and ipass 
compared to those in the PBS + H2O2 environment. Indeed, BSA 
adsorption on surface oxides or its complexation with corrosion prod
ucts on TiO2 films can damage the protective TiO2 oxide layer and in
crease metal ion release due to the metal–protein complex detachment 
process [3]. Since at + 200 mV vs. Ag/AgCl the Ti6Al4V alloy was in the 
passive region in all the studied solutions, we anodically polarised the 
specimens and studied the adsorption of BSA from the solution in the 
presence and absence of H2O2. The presence of adsorbed protein on the 
surface of the polarised alloy was evaluated by combining SEM, AFM/ 
SKPFM, in-situ AFM, and XPS investigations, as will be discussed in the 
following section. 

3.3. Influence of H2O2 on BSA adsorption, morphology, and surface 
potential through SKPFM measurements 

Fig. 5 shows SKPFM images at low and high magnifications together 
with the corresponding SEM images of polished Ti6Al4V samples and 
samples polarised in PBS, PBS + BSA or PBS + BSA + H2O2 solutions, 
while the topographic AFM images of the same samples are reported in 
Fig. 6. An SKPFM image of a blank Ti6Al4V surface (Fig. 5a) was ob
tained as a reference surface to recognise the different surface potentials 
of the α and β phases and to distinguish them after the protein adsorption 
and surface interactions with H2O2. In Fig. 5b, a high-resolution surface 
potential map (obtained from a scanned area of 10 × 10 µm2) is pre
sented. The α (dark matrix) and β (bright islands) phases in Ti6Al4V are 
clearly distinguishable because of their different chemical compositions, 
which results in different WFE, as discussed earlier. As can be observed 
in Fig. 5a and b, the absolute surface potential difference between the 
two phases is sensitive to the size of the scanned area due to in
homogeneity in the chemical composition of the individual phases over 
a large sample surface area. In Fig. 5c, an SEM micrograph of the pol
ished Ti6Al4V sample is provided, in which (except for a few polishing 
lines) no specific feature can be identified. These polishing lines are also 
present in Fig. 6a. The samples polarised in PBS solution present a very 
similar surface to that of the fresh sample (Fig. 5d, e and f). Neverthe
less, a slight decrease of the surface roughness was noticed (Fig. 6b), 
very probably due to the formation of a thicker passive film on the 

polarized sample. 
The SKPFM map of the sample when 1 g⋅L− 1 BSA was added to the 

PBS solution (Fig. 5g) is strikingly different from that observed on both 
the polished surface and polarised in PBS solution. The SKPFM map 
exhibits a continuous network of dense protein or cluster domains with a 
lower surface potential than that of the matrix (or oxide layer). Based on 
the histogram analysis of the surface potential maps in a scanned area of 
100 × 100 µm2 (Fig. 7b), the overall surface potential difference (ΔV) on 
the Ti6Al4V surface in the PBS + BSA condition is slightly lower than 
that of the polished surface or polarised in PBS solution. This decrease in 
the surface potential difference reflects that protein adsorption on the 
surface of Ti6Al4V reduces the heterogeneity of the sample. Moreover, 
the 1D and 2D PSD analyses presented in Fig. 7c and d also show a lower 
surface potential distribution on the Ti6Al4V surface in the PBS + BSA 
condition in almost all spatial frequencies. A finer structure composed of 
round features is also distinguishable in the areas with higher surface 
potential values (marked with arrows in Fig. 5g). A closer examination 
of the surface potential map obtained from a scanned area of 10 × 10 
µm2 (Fig. 5h) shows that even in the presence of adsorbed BSA on the 
surface, the α and β phases are still distinguishable. However, the 
amount of adsorbed BSA in the round regions was lower than that on the 
cluster protein domains, and thus a higher potential was detected. Under 
polarisation, the heterogeneous surface of the Ti6Al4V alloy (α and β 
phases) allows BSA to be adsorbed in various ways and exhibit various 
morphologies [63]. The corresponding SEM micrograph for the sample 
exposed to PBS + BSA is presented in Fig. 5i. In this figure, a continuous 
network or large clusters of proteins are clearly visible with a dark 
colour alongside the α and β phases. The observed contrast in the FE- 
SEM (Fig. 5i)  image is due to the differences in the electron density of 
the protein compared to that of the surface oxide. Nevertheless, the fine 
structure between the protein domains that were detected in the SKPFM 
maps was not distinguishable owing to the lower sensitivity of the FE- 
SEM compared to SKPFM for detecting thin layers of organic mole
cules on the surface. Similar morphologies have been observed for a 
CoCrMo alloy under cathodic polarisation in PBS + 15 g⋅L-1 BSA at 37 ◦C 
[63]. 

It is important to recognise that the surface potential of proteins and 
peptides strongly depends on the charge distribution within the polar 
residues in their structure. Depending on the ionisation state of the main 
amino acid groups of the protein, a protein may exhibit an overall 
positive, negative, or neutral charge. The ionisation state of the amino 
acids within proteins depends on environmental factors, such as the pH 
of the solution. At the solution pH corresponding to the isoelectric point 
(IEP), the overall net charge of the protein is zero. At solution pH values 
above and below the IEP, the overall charge of the protein is negative 
and positive, respectively [64]. Therefore, the electrostatic interactions 
between proteins and charged surfaces are greatly influenced by the IEP 
of the protein [30]. For BSA, the IEP has been determined both theo
retically and experimentally to be between 4.7 and 5.4 [6,65]. There
fore, at pH 7 (which was used in this study), the BSA molecules are 
negatively charged and can strongly interact with the positively charged 
substrate [42]. As stated above, chemisorption of the BSA molecule on 
the complexed oxide layer induces new potential steps and band 
bending in the surface energy levels and reduces the total surface po
tential (VDC). 

The formation of a network-like protein layer, as visualised in Fig. 5g 
and h, is due to protein adsorption on the substrate surface under a 
mixed adsorption mechanism consisting of Langmuir adsorption and 
cooperative adsorption mechanisms [66]. In the Langmuir adsorption 
model, proteins tend to fill the available unoccupied surface sites. 
Nevertheless, some fluctuations in the density of adsorbed proteins can 
be expected due to the heterogeneous nature of the oxide layer, which 
consists of a variety of oxide components [67]. When a sample is 
polarised to + 200 mV vs. Ag/AgCl (as in this study), the electrostatic 
attraction between the positively charged oxide layer of the Ti6Al4V 
sample and negatively charged BSA molecules causes cooperative 

Fig. 4. The PDP curves of Ti6Al4V alloy after 1-hour exposure in PBS, PBS +
BSA, PBS + H2O2, and PBS + BSA + H2O2 environments at 37 ◦C, pH 7.4, and 
aerated conditions. 
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adsorption to become the dominant mechanism of protein adsorption 
[68]. Therefore, the BSA molecules adsorb in the vicinity of pre- 
adsorbed proteins, which (in combination with the self-migration and 
lateral movement of the loosely adsorbed proteins) form a network-like 
morphology and/or cluster domains, as shown in Fig. 5g [69]. The 
cooperative adsorption of proteins on solid substrates has been 
demonstrated previously using supercritical angle fluorescence micro
scopy and Monte Carlo simulations [66,70] in systems exhibiting growth 
of two-dimensional surface clusters that are densely ordered alongside 
some uncovered regions, which is consistent with the SKPFM result 
shown in Fig. 5g. Consequently, the electrostatic attraction forces at the 
Ti6Al4V surface/solution–protein interface direct the BSA 

conformational arrangement into clusters and fine network morphol
ogies, as reported in a previous study [63]. 

To visualise the presence of the network-like features in solution 
(similar to those shown in Fig. 5g and h in air), we performed com
plementary in-situ AFM measurements in which the substrate was 
polarised to + 200 mV vs. Ag/AgCl and BSA was adsorbed onto the 
surface from the PBS + BSA solution. The result is provided in Fig. 8, in 
which round features between the dense network of adsorbed BSA are 
clearly visible. The addition of H2O2 to the PBS + BSA solution alters the 
adsorption of proteins on the anodically polarised Ti6Al4V specimen, as 
presented in the SKPFM map in Fig. 5j. As H2O2 was introduced into the 
PBS + BSA solution, the continuous protein network morphology that 

Fig. 5. Sequence images of low and high magnification surface potential maps and FE-SEM image which is correspond to (a, b and c) Ti6Al4V polished or fresh 
surface, (d, e and f) Ti6Al4V polarised at + 200 mV vs. Ag/AgCl in PBS solution, (g, h and i) Ti6Al4V polarised at + 200 mV vs. Ag/AgCl in PBS + BSA environment, 
(j, k and l) Ti6Al4V polarised at + 200 mV vs. Ag/AgCl in PBS + BSA + H2O2. The polarisation process was carried out for 1-hour at 37 ◦C and pH 7.4. 
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was observed in the absence of H2O2 vanishes completely. The potential 
contrast observed in Fig. 5j in 100 × 100 µm2 resembles that of the 
polished sample, indicating that if BSA protein is adsorbed on the sur
face it does not form large clusters or domains in the presence of H2O2. 
Based on the histogram and PSD analyses in Fig. 7, the surface potential 
difference in the scanned area of 100 × 100 µm2 for this sample is lower 
than that of the polished sample for frequencies lower than 1.35 μm− 1 

(blue arrow in the histogram), confirming the presence of adsorbed 
proteins on the sample surface, even if clusters have not been observed. 

As discussed based on the results in Fig. 5g and h, this change in ΔV 
could potentially indicate that BSA adsorbed onto the Ti6Al4V surface. 
Furthermore, the high-resolution topography image shown in Fig. 6d 

confirms the presence of protein on the sample surface. Unfortunately, 
no contrast can be detected in the SEM micrograph shown in Fig. 5l 
because the thickness of the adsorbed protein layer was below the 
detection limits of FE-SEM. To further confirm the adsorption of BSA on 
the Ti6Al4V surface from the PBS + BSA + H2O2 solution, XPS studies 
were performed, and the results are presented in Fig. 9. According to 
previous studies [71,72], the main signal of the C spectrum originates 
from airborne carbon or surface contamination. Therefore, the C peak on 
the specimens polarised in PBS and PBS + H2O2 solutions can be 
attributed to contamination. The C 1 s peaks in Fig. 9a can be decon
volved into three individual peaks at 284.5 ± 0.9 eV, 285.8 ± 0.8 eV, 
and 287.7 ± 0.9 eV, which are related to C–C and C–H bonds, peptide 

Fig. 6. The topography maps of Ti6Al4V alloy (a) fresh or polished surface, (b) polarised at + 200 mV vs. Ag/AgCl in PBS solution, (c) polarised at + 200 mV vs. Ag/ 
AgCl in PBS + BSA environment (d) polarised at + 200 mV vs. Ag/AgCl in PBS + BSA + H2O2, The topography images correspond to the SKPFM images in Fig. 5a, d, 
g, and j. The polarisation process was carried out for 1-hour at 37 ◦C and pH 7.4. 

Fig. 7. (a) Topography and (b) surface potential histograms of Ti6Al4V alloy in the different conditions, (c) 1D and (d) 2D PSD analysis. The analyses of (b, c, and d) 
have been obtained from Fig. 5a, d, g, and j, while the topography histogram analysis in (a) is obtained from Fig. 6. 
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residues or C–O and C–N bonds, and N–C––O bonds, respectively 
[46]. Therefore, it is reasonable to assume that the increase in the in
tensity of the C and particularly N peaks in the PBS + BSA and PBS +
BSA + H2O2 conditions was caused by BSA protein adsorption on the 
Ti6Al4V surface oxide [73]. The BSA protein does not form clusters or 
domains in presence of H2O2 as was mentioned before, but adsorbed 
rather as a thin film, not detectable with AFM-SKPFM and FE-SEM 

analyses. Moreover, the two separate peaks in the Ti spectrum at binding 
energies of 464.8 ± 0.4 eV and 459.1 ± 0.8 eV are attributed to Ti4+ 2p1/ 

2 and Ti4+ 2p3/2, respectively, from TiO2 [46]. 
Compared to those of the sample exposed to only PBS and PBS +

H2O2, the intensities of the C 1 s and N 1 s peaks increased, and those of 
the Ti 2p peaks decreased after the Ti6Al4V specimen was exposed to 
PBS + BSA + H2O2. This clearly confirms the high tendency of BSA 
protein molecules to adsorb onto the Ti6Al4V surface, a tendency that is 
slightly enhanced in the presence of H2O2 (Fig. 9c and d). In fact, in the 
presence of both BSA protein and H2O2, a slightly higher content of N 
and a higher content of C are observed on the surface compared to the 
sample polarised in PBS + BSA solution. However, the amount of Ti does 
not exhibit big differences when H2O2 is added both in the presence and 
absence of BSA. 

It has been reported that the interaction of H2O2 with the Ti surface 
triggers the formation of Ti–H2O2 complexes and TiOOH alongside an 
increase in the surface hydrophilicity and surface roughness [74]. 
Moreover, according to the histogram analysis of the topography maps 
in Fig. 7a, the surface roughness of the Ti6Al4V surface in the PBS +
BSA + H2O2 condition shifts to a higher value, approximately 160 nm, 
compared to that of the specimens polarised in the PBS + BSA solution. 
It is important to note that the lower surface roughness distribution on 
the Ti6Al4V surface in both the PBS and PBS + BSA conditions in 
comparison with that in the PBS + BSA + H2O2 condition can be 
attributed to passive film growth during the application of a positive 
surface potential as well as the significant role of the covered layer of 
BSA proteins (only in PBS + BSA). Generally, the inactivation of en
zymes, particularly protein fragmentation, can occur in the presence of 

Fig. 8. Topography map (in-situ AFM) of polarised Ti6Al4V samples at + 200 
mV vs. Ag/AgCl during 1-hour immersion in PBS + BSA. The measurement has 
been carried out at 37 ◦C and pH 7.4, Dashed line and black arrows show the 
round features formed in the dense network of adsorbed BSA. 

Fig. 9. XPS spectra of (a) C 1 s, (b) N 1 s, and (c) Ti 2p electron energy regions on Ti6Al4V alloy after 1-hour polarisation at + 200 mV vs. Ag/AgCl in PBS, PBS +
H2O2, PBS + BSA and PBS + BSA + H2O2, (d) Relative elements in surface oxide obtained from XPS spectra. 
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H2O2 and OH⋅ scavengers that directly interact with protein and DNA, 
which damages them [15]. Therefore, H2O2 agents can significantly 
hinder BSA protein molecules from forming the dense protein clusters or 
a network morphology during the application of a positive potential 
[14]. 

4. Conclusion 

In this study, SKPFM was utilised as a sensitive method to visualise 
the impact of H2O2 on the adsorption morphology of BSA and the surface 
potential distribution on the oxide surface of Ti6Al4V alloys in a PBS 
environment. Based on potentiodynamic polarisation measurements, 
the H2O2 agent in the PBS + BSA + H2O2 environment shifts the 
corrosion potential to substantially more positive values and increases 
the passivity current in comparison to those in a PBS + BSA medium, 
thus providing a harsh environment favouring the metal degradation 
process. By applying a positive surface potential at + 200 mV vs. Ag/ 
AgCl for 1-hour in the passive region of the Ti6Al4V sample during 
exposure to the PBS + BSA environment, SKPFM and SEM observations 
identified that the adsorbed BSA forms a dense network morphology or 
clustering shape. Furthermore, in-situ AFM topography results 
confirmed the presence of a protein network morphology on the 
Ti6Al4V sample polarised at + 200 mV vs. Ag/AgCl for 1-hour in the 
PBS + BSA solution. The very thin protein network morphology that 
developed in the presence of H2O2 did not develop as dense networks or 
cluster shapes but exhibited a higher total surface potential magnitude 
in comparison with protein deposition in the absence of H2O2. In fact, 
the protein-covered regions on Ti6Al4V in both PBS + BSA and PBS +
BSA + H2O2 environments reduces the surface potential compared to 
that of the uncovered region of the Ti6Al4V matrix with α and β phases. 
This surface visualisation approach using SKPFM can offer more detailed 
information about the protein adsorption, conformational arrangement, 
and surface potential distribution on complex systems in the bio
materials field. 
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