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Abstract

Literature data has shown that reactive oxygen species (ROS), generated by immune

cells during post-operative inflammation, could induce corrosion of standard Ti-based

biomaterials. For Ti 6Al 4V alloy, this process can be further accelerated by the

presence of albumin. However, this phenomenon remains unexplored for Ti β-phase

materials, such as Ti Nb alloys. These alloys are attractive due to their relatively low

elastic modulus value. This study aims to address the question of how albumin influ-

ences the corrosion resistance of Ti Nb alloy under simulated inflammation. Electro-

chemical and ion release tests have revealed that albumin significantly enhances

corrosion resistance over both short (2 and 24 h) and long (2 weeks) exposure

periods. Furthermore, post-immersion XPS and cross-section TEM analysis have

demonstrated that prolonged exposure to an albumin-rich inflammatory solution

results in the complete coverage of the Ti Nb surface by a protein layer. Moreover,

TEM studies revealed that H2O2-induced oxidation and further formation of a defec-

tive oxide film were suppressed in the solution enriched with albumin. Overall results

indicate that contrary to Ti 6Al 4V, the addition of albumin to the PBS + H2O2

solution is not necessary to simulate the harsh inflammatory conditions as could pos-

sibly be found in the vicinity of a Ti Nb implant.

K E YWORD S

albumin adsorption, implants, inflammation, nanometric oxide films, reactive oxygen species,
titanium β-phase alloys

1 | INTRODUCTION

Corrosion behavior of biomedical materials devoted to permanent

implants is typically verified in solutions such as Hank's solution,1

Ringer's solution2 or phosphate-buffered saline (PBS).3 However, liter-

ature data have shown that currently used metallic biomaterials could

experience corrosion in the human body despite the high corrosion

resistance confirmed by laboratory in vitro tests performed in

solutions mentioned above.4–7 Corrosion of implants observed in vivo

could be related to the release of reactive oxygen species (ROS) such

as hydrogen peroxide (H2O2) by human immunological cells during

post-operative inflammatory reaction.4,8,9 To date, accelerated corro-

sion induced by the presence of H2O2 was observed for titanium-

based biomaterials such as commercially pure Ti: CP Ti (α phase)10–12

and Ti 6Al 4V (α + β phase) alloy,13–15 which are currently exploited

in long-lasting implantology. In vitro corrosion studies revealed that
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the addition of H2O2 to biological solutions resulted in the decrease

of the passive layer resistance,12 surface roughening,16

discoloration,14 and rebuilding of the spontaneously formed oxide film

into a thicker and more defective during long immersion periods.17,18

It has to be mentioned that immunological cells, which are

responsible for ROS release, have limited ability to directly interact

with metallic surfaces.19 Their activity is regulated by blood proteins

(such as albumin), which immediately adsorb on the implanted metallic

surface creating blood-based transient provisional matrix.19 To date,

the corrosion resistance under the simultaneous presence of inflam-

matory products (H2O2) and albumin has been verified for the

Ti 6Al 4V alloy.20–25

The deleterious effect of albumin on the corrosion resistance of

Ti 6Al 4V under simulated inflammatory conditions was confirmed

by both electrochemical (potentiodynamic polarization20 and EIS22,25)

and spectrometric (ICP-MS20,23) techniques. One hypothesis claims

that this phenomenon is associated with the suppression of the

cathodic reaction by albumin, which shifts OCP to more negative

values and thereby accelerates Ti 6Al 4V degradation induced by

H2O2.
20 Conclusions derived from corrosion measurements were sup-

ported by the results of further surface analysis performed after pro-

long Ti 6Al 4V immersion in the biological solutions.20,23 XPS

studies indicate that the simultaneous presence of albumin and H2O2

promotes both complexation reactions between Ti and H2O2 and

between Al and albumin. Moreover, XPS analysis revealed that the

oxide layer formed after 2 weeks of Ti 6Al 4V exposure in PBS

+ H2O2 + albumin did not contain V, which suggest the preferential

dissolution of the β phase.23 This confirms findings derived from pre-

viously performed SEM observations, in which it was demonstrated

that the privileged degradation of the β phase, is intensified by the

presence of albumin.20

Preferential dissolution of the β phase observed in two-phased

alloy justifies the necessity to verify if the presence of albumin accel-

erates H2O2-induced corrosion in the case of single β-phase Ti alloys,

such as those from the Ti Nb system, which are currently widely

studied owing to their reduced stiffness combined with high

biocompatibility.26–29 Solution-treated binary Ti Nb alloys with Nb

addition in the range of 40–45 wt% demonstrate a low elastic

modulus (between 60 and 65 GPa), which is much closer value to the

stiffness of human cortical bone (10–30 GPa) compared to standard

Ti-based biomaterials (100–120 GPa).30 Advantages of β-phase

Ti Nb alloys also include optimized manufacturing procedure, which

allows obtaining relatively large quantities of semi-finished products

needed to fabricate implantable devices. In addition to traditional

thermomechanical fabrication procedures, literature data demonstrate

possibility to process β-phase Ti Nb alloy by additive manufacturing

techniques with the possibility to fully control its microstructure and

final shape.29 High corrosion resistance of biomedical β-phase Ti Nb

alloys, such as Ti 45Nb alloy, has been confirmed in non-organic bio-

logical fluids such as Ringer's31 solution, physiological saline32 or artifi-

cial saliva.33 To date, the inflammatory-induced corrosion of Ti 45Nb

alloy was evaluated only based on tests performed in PBS + H2O2

fluid.30,34 Therefore, the aim of this study was to provide insight into

the effect of albumin on the corrosion resistance of fully β-phase

Ti 45Nb alloy in the H2O2-enriched fluid that simulates the condi-

tions created by the immune cells. This study offers the first step to

verify whether H2O2 sufficiently simulates the aggressiveness of the

post-operative inflammatory environment or if the addition of pro-

teins is necessary to truly reflect these conditions.

2 | MATERIALS AND METHODS

Commercially available Ti 45Nb, supplied by WOLFTEN Company

was used as the tested material. The composition of the alloy was as

follows (max wt.%): 0.019% C, 0.006% N, 0.058% O, 0.001% H, and

44.57% Nb with the balance of Ti. The supplied Ti 45Nb alloy was

subjected to heat-treatment in order to obtain a homogenous, recrys-

tallized microstructure fully composed of micrometric grains of the

β-phase. To achieve this microstructure, Ti 45Nb was annealed at

1000�C for 2 h and subsequently fast-cooled by quenching in water.

During annealing, Ti 45Nb was placed in glass capsule filled with

argon. The capsule was broken-immediately during the quenching

procedure. The microstructure of the alloy was composed from

equiaxed grains of the β-phase with the following average size: Avg

(d2) = 79 μm, SD (d2) = 49 μm as detailed in Ref. 34. Samples

devoted to corrosion experiments were ground with SiC abrasive

paper (gradation: #600, #1200, #2400) and polished with a silica sus-

pension (a Struers, OP-S, gradation = 0.04 μm) from the sites exposed

to the corrosion solutions. Prepared samples were ultrasonically

cleaned with isopropanol, dried in compressed air and stored in a des-

iccator for 2 h before each test. The same time gap between polishing

and corrosion tests was respected for all samples, considering the pos-

sibility of titanium oxide layer evolution during prolong exposure to

air.35

Corrosion evaluation included both electrochemical and ion-

release measurements. Corrosion tests were carried out in two solu-

tions that simulate post-operative inflammatory conditions: (i) PBS

+ 0.1% H2O2 and (ii) PBS + 0.1% H2O2 + 4% albumin. Pure PBS

solution was made from PBS tablets (Sigma Aldrich) dissolved in the

deionized water. PBS + 0.1% H2O2 (PBS + 30 mM H2O2) was pre-

pared by adding 1 mL of H2O2 (30 wt % in H2O, Sigma Aldrich) to

300 mL of PBS solution. In order to prepare PBS + 0.1% H2O2 + 4%

albumin, PBS + 0.1% H2O2 was enriched with bovine serum albumin

(lyophilized powder, ≥98%, Sigma Aldrich). The concentration of albu-

min (BSA) was similar to that in human blood.22,23 For all experiments,

solutions were made directly before samples immersion, which was

justified by instability of H2O2.

Electrochemical tests were carried out with potentiostat

(a Metrohm Autolab PGSTAT 302N) coupled with a three-electrode

system containing: (i) working electrode: Ti 45Nb sample,

(ii) reference electrode: Ag/AgCl electrode placed in a Luggin capilary,

(iii) counter electrode: graphite rod. The electrochemical cell with the

three-electrode system was placed in an incubator at 37�C.

The tested surface area was the same for all samples (�0.1 cm2,

adjusted by an O-Ring with a 3.5 mm inner diameter). The procedure
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of electrochemical tests was as follows: (i) open circuit potential (OCP)

monitoring for 2 h after immersion in the solutions,

(ii) electrochemical impedance spectroscopy (EIS) analysis performed

after 2 and 24 h of immersion. EIS tests were performed at OCP for

frequencies from the range of 104 Hz to 5 � 10�3 Hz.

In addition to the electrochemical tests, the corrosion resistance

of Ti 45Nb was evaluated based on the measurements of the con-

centration of metal ions in the solutions after prolong immersion

(336 h – 2 weeks). For the immersion tests, samples were enclosed in

sterile centrifuge containers containing 1 mL of PBS + H2O2 or PBS

+ H2O2 + BSA solution per 1 cm2 of the sample (�4 mL of solution

per 1 sample). Collected solutions were subjected to digestion with

nitric acid (HNO3, 69%, Fluka, Trace metal basis) and then diluted in

water with yttrium as an internal standard (10 μg/L final concentra-

tion, Sigma–Aldrich). Before analysis, samples were filtered with

0.45 μm syringe filters. The samples containing albumin were centri-

fuged (12,000 rpm, 15 min) before filtration. Concentration of metal

ions was evaluated using an inductively coupled plasma mass spec-

trometer (an ICP Triple Quadrupole Mass Spectrometer, Agilent

8900). Processing parameters were as follows: (i) flow of the gas –

1.10 L/min, (ii) type of nebulizer gases – mixture of hydrogen (8.0 mL/

min) and oxygen (0.1 mL/min) (iii) RF power – 1550 W. Monitoring of

the mass to charge ratio changes: 48Ti ! 64Ti and 93Nb ! 109Nb

allowed the calculation of the total concentration of released ions.

The significance of the effect of albumin on the Ti 45Nb corro-

sion resistance was evaluated based one-way ANOVA analysis com-

bined with post-hoc Tukey test (p < 0.05). All corrosion tests (EIS and

ICP-MS) were performed for three samples (n = 3).

Metallic samples subjected to immersion tests were rinsed with

1 mL of deionized water, dried with compressed air, and placed into

the desiccator. Then, Ti 45Nb discs were subjected to XPS measure-

ments in order to obtain information about the surface chemical com-

position. XPS analysis was performed using a Microlab 350 (Thermo

Electron). The applied XPS parameters were as follows: (i) exciting

source – an Al Kα non-monochromatic x-ray source (with energy of

1486.6 eV and power od 300 W), (ii) analyzed surface area –

2 � 5 mm2. HR-XPS spectra were deconvoluted using Gaussian/

Lorentzian mixed function with the constant G/L ratio of 0.35 (±0.05).

All designated binding energies were corrected using a binding energy

of carbon (C1s = 285.0 eV). Additionally, XPS tests were performed

for the as-polished (non-immersed) samples. This allowed assessment

of the differences in surface composition induced by prolonged

immersion in the simulated inflammatory environments.

Top-view XPS surface analysis was supplemented by microscopic

observations of the cross-sections of the samples subjected to long-

term immersion tests. To achieve this, thin lamellas were extracted

from the cross-sections using FIB microscope, a Helios 5 UX Dual-

Beam (a Thermo Fisher Scientific). To avoid significant influence of Ga

ions on the structure of the thin foils, the beam accelerated voltage

was progressively reduced (down to 2 kV) during the thinning proce-

dure. In order to preserve the surface features developed during

immersion, nanometric gold and platinum layers were sputtered onto

the top surfaces of the samples before starting the cutting procedure.

FIB lamellas were subjected to microscopic observation using TEM

(a JEOL JEM 1200) with an acceleration voltage of 120 kV, which

enabled obtaining a general view of Ti Nb surfaces. Detailed obser-

vations of FIB lamellas, combined with EDS analysis, were performed

with a STEM/TEM microscope (a Thermo Fischer Scientific Spectra

200) with an acceleration voltage of 200 kV. Microscopic analysis

enabled to reveal the following aspects: (i) comparison of the thick-

ness and morphological features of the oxide films formed in PBS

+ H2O2 or PBS + H2O2 + BSA, (ii) evaluation of the continuity and

thickness of the adsorbed albumin layer.

3 | RESULTS

Electrochemical experiments began with OCP monitoring for 2 h after

were immersed in the solutions simulating post-operative inflamma-

tion. It was found that the OCP value registered after 2 h of measure-

ments was about 100 mV lower in the case of the PBS

+ H2O2 + BSA solution (Figure 1). The more negative OCP value

could be associated with the suppression of the cathodic reaction

(oxygen reduction) by the presence of BSA in the tested solution.36,37

Immediately after OCP monitoring (2 h from immersion) EIS tests

were performed, and then measurements were repeated after 24 h of

exposure to the PBS + H2O2 or PBS + H2O2 + BSA. The experimen-

tal results of the EIS tests are presented in Nyquist and Bode Plots

(Figure 2A,B). Based on the analysis of the shape of Bode plots, fre-

quency regions with different characteristics can be distinguished.38

For frequencies between 10,000 and 1000 Hz (first region) phase

angle values were close to 0� and the impedance value achieved

c.a. 320–390 Ω*cm2, with higher values designated from the mea-

surements carried out in the PBS + H2O2 + BSA solution. In this

region, impedance value was determined by the resistance of the

selected fluid. For frequencies in the range of 1000–0.5 Hz, a linear

relationship between log jZj and applied frequency can be distin-

guished for all samples. In this region, the phase angles achieved their

minimum values (approx. �80� for all samples) which is typical for

capacitive behavior.38 For the lowest frequencies (lower than 0.1 and

0.05 Hz for Ti 45Nb tested in PBS + H2O2 and PBS + H2O2 + BSA,

respectively); the electrochemical response corresponds mostly to the

resistance of the oxide layer under particular conditions. Based on

the log jZj values, it can be concluded that for both immersion times

(2 and 24 h), the oxide layer resistance achieved significantly greater

values in the PBS + H2O2 + BSA solution. Taking into account the

presence of single semi-circles visible in the Nyquist plots, as well as

the shape of the phase angle part of the Bode Spectra, a single-time

constant electrochemical circuit with the constant phase element,

CPE (Randles-CPE), was selected to designate the values of electro-

chemical parameters from the experimental EIS results (Figure 2A,B).

The corrosion resistance was assessed based on the comparison of

the values of the oxide layer resistance, Rox (Figure 2C, Table 1). It

was found that the presence of albumin in the PBS + H2O2 solution
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strongly increased the corrosion resistance of Ti Nb (Figure 2C,

Table 1). Beneficial influence of albumin was found in case of shorter

(2 h) as well as after longer (24 h) times of surface exposure to the

simulated inflammatory fluids. The average values of Rox, designated

from the results of EIS tests performed in PBS + H2O2 + BSA, was

for one order of magnitude greater compared to those calculated for

PBS + H2O2 solution (Table 1). Difference between Rox values was

found to be statistically significant (p < 0.05). Increasing immersion

F IGURE 1 OCP monitoring during the first 2 h after samples immersion in tested solution.

F IGURE 2 EIS data: (A–B) Nyquist and Bode Plots, respectively, illustrating results recorded after 2 and 24 h of samples exposure in the
solutions that simulate post-operative inflammatory conditions, (C) oxide layer resistance values calculated from experimental EIS data.

4 of 12 SOTNICZUK ET AL.
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time from 2 to 24 h did not influence the corrosion resistance of

Ti Nb in both solutions. Considering the standard deviation values

(calculated based on the results obtained for three independent sam-

ples for each solution) differences in the Rox values designated from

EIS tests performed after 2 and 24 h were found to be non-significant.

Apart from the Rox value, the fitting procedure allowed to derive the

values of CPE element (Q and n – Table 1) that were further exploited

to calculate the interfacial capacitance value (Ceff). Literature studies

present different approaches to designate Ceff value from calculated

CPE parameters.39 The expression presented by Hsu and Mansweld40

has been used previously to calculate the capacitance of the oxide

films formed on titanium surface.41 This formula considered the

values of both CPE parameters (Q and n) as well as designated values

of Rox (1). Capacitance values derived based on (1) equation were in

the range of 2–3 � 10�5 F cm�2 (Table 2). Obtained Ceff values were

further exploited to calculate the thickness of the oxide layers (deff)

formed on particular surfaces (2). As can be noticed, for all samples

average deff values did not exceed 2.5 nm (Table 2) which is much

lower value compared to the titanium oxide layer thickness assessed

based on the results of spectroscopy methods such as AES or

XPS.42,43 Therefore, the further step was to designate the Ceff value

based on the Power-Law approach (3)–(5).39 When the value of the

n parameter is close to unity (like in our case n = 0.93–0.94) Ceff

should be close to the value of Cmax (5).
44 Therefore, dmax should be

close to deff which is the thickness of the oxide layer. This approach

has been described in more detail in our previous study.12 Values of

the oxide layer thickness derived from the Power-Law formula were

between 4 and 5 nm, which is much closer to the thickness of the

native titanium oxide layer designated from XPS (8 nm).45 Moreover,

no significant differences were noticed between the oxide layer thick-

ness designated for samples tested in PBS + H2O2 and PBS

+ H2O2 + BSA (Table 2).

Ceff ¼Q1=nRox
1�nð Þ=n ð1Þ

deff ¼ εε0
Ceff

ð2Þ

Ceff ¼Q εε0ρδð Þ1�ng ð3Þ

g¼1þ2:88 1�nð Þ2:375 ð4Þ

Cmax ¼Q 2πfmaxð Þn�1g ð5Þ

Long-term corrosion behavior was evaluated based on the calcu-

lations of the amount of metal ions released into the PBS + H2O2 or

TABLE 1 Corrosion parameters designated from EIS data: Re – resistance of electrolyte, Q and n – parameters of Constant Phase element,
Rox – oxide layer resistance, χ2max – maximum χ2 value related to the fitting procedure (Maximum errors related to the fitting of particular
parameters are included in brackets).

Time (h) Re (Ω*cm2) Q (�10�5 Ω�1 cm�2 sn) n Rox (MΩ*cm2) χ2 max

PBS + H2O2 2 320 ± 17 (0.79%) 2.43 ± 0.87 (0.87%) 0.94 (0.19%) 0.04 ± 0.002 (0.79%) 0.037

24 301 ± 18 (0.75%) 2.54 ± 0.16 (0.87%) 0.94 (0.20%) 0.03 ± 0.003 (0.75%) 0.034

PBS + H2O2 + BSA 2 389 ± 31 (0.88%) 2.08 ± 0.31 (0.72%) 0.94 (0.18%) 0.13 ± 0.054 (1.16%) 0.039

24 349 ± 7 (0.79%) 2.69 ± 0.82 (0.82%) 0.92 (0.54%) 0.20 ± 0.038 (1.13%) 0.028

TABLE 2 Capacitance values derived from EIS data based on (i) approach presented by Hsu and Mansweld (H-L)40 and (ii) Power-Law (P-L)
formula.44 Oxide layer thicknesses designated from the capacitance values.

Time
(h)

Q
(�10�5 Ω�1 cm�2 sn)

Ceff (H-L)
(�10�5 F cm�2)

deff
(H-L) (nm)

Cmax (P-L)
(�10�5 F cm�2)

dmax

(P-L) (nm)

PBS + H2O2 2 2.43 ± 0.87 2.42 ± 0.76 2.4 ± 0.62 1.25 ± 0.36 4.7 ± 1.16

24 2.54 ± 0.16 2.45 ± 0.10 2.2 ± 0.09 1.21 ± 0.24 4.7 ± 1.04

PBS

+ H2O2 + BSA

2 2.08 ± 0.31 2.21 ± 0.24 2.4 ± 0.29 1.12 ± 0.17 5.0 ± 0.81

24 2.69 ± 0.82 3.04 ± 0.87 1.88 ± 0.45 1.37 ± 0.35 4.2 ± 0.96

F IGURE 3 Concentrations of Ti and Nb ions released to the PBS
+ H2O2 or PBS + H2O2 + BSA after 2 weeks of samples incubation.
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PBS + H2O2 + BSA solutions during 2 weeks (336 h) of Ti Nb

immersion (Figure 3). Similarly to the EIS results, ICP-MS tests

revealed that albumin suppressed the release of metal ions from the

Ti Nb alloy exposed to the PBS + H2O2 (p < 0.05). The total concen-

tration of metal ions in PBS + H2O2 + BSA was one order of magni-

tude lower compared to the solution without albumin (Figure 3). The

average sum of Ti and Nb ions released into the PBS + H2O2 + BSA

was �8 ppm, while for PBS + H2O2 was �65 ppm. Therefore, find-

ings derived from the long-term corrosion analysis are consistent with

the conclusions provided based on the EIS tests performed within the

initial 24 h of immersion. In order to understand the interaction

between albumin and the Ti Nb surface exposed to the

H2O2-enriched PBS environment, corrosion measurements were sup-

plemented by post-immersion surface analysis.

Surface chemical composition was analyzed based on the high

resolution XPS spectra (Figure 4). In order to gain knowledge about

how the surface chemistry is affected by the long-term exposure to

simulated inflammatory conditions, XPS measurements were per-

formed before (non-immersed sample) and after 2 weeks of Ti Nb

immersion in the PBS + H2O2 or PBS + H2O2 + BSA solutions. In the

case of the polished, non-immersed sample, metallic Ti and Nb were

detected at characteristic binding energies 453.6 and 201.9 eV,

respectively (Figure 4A,B). Identification of the peaks originating from

the metallic elements implies that the thickness of

F IGURE 4 XPS spectra that
reveal surface chemical
composition of Ti Nb alloy
before and after 2 weeks of
immersion in PBS + H2O2 or
PBS + H2O2 + BSA: (A–D)
immersion-induced evolution of
Ti2p, Nb3d, C1s and N1s,
respectively, (E) C1s registered in
PBS + H2O2 + BSA, (F) N1s
spectra registered in PBS
+ H2O2 + BSA.
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spontaneously-formed passive films did not exceed a few nanometers,

which is typical for this type of sample.46,47 Moreover, detailed XPS

studies (data not shown) revealed the presence of following Ti and Nb

oxides: TiO2 (458.9 eV), Ti2O3 (457.0 eV), TiO (455.1 eV), Nb2O5

(207.2 eV), NbO2 (205.5 eV), NbO (203.6 eV).34,46,47 The formation of

the oxide layer, which comprises a mixture of oxides with various oxi-

dation states aligns with the model of the air-formed passive film pre-

sented by Brunette et al.35 In our case the dominant signals are peaks

assigned to Ti4+ and Nb5+ (see Figure 4A,B). 2 weeks of immersion in

the PBS + H2O2 provided substantial changes in the Ti Nb surface

chemical composition. Contrary to the as-polished sample, after the

deconvolution procedure, peaks originating from metallic elements

and from Ti and Nb oxides on lower oxidation states (Ti2O3, TiO,

NbO2, NbO) were not detected (data not shown). The oxidation pro-

cess of the Ti Nb alloy under such conditions led to a change in the

shape of the Ti2p and Nb3d peaks, which is determined by the pres-

ence only the TiO2 and Nb2O5 oxides on the surface (Figure 4A,B).

This is related to the growth of the thick oxide layer during prolonged

exposure to the PBS + H2O2. Similar findings were presented for

commercially pure titanium by Tengvall et al.11 who analyzed H2O2-

induced growth of the oxide by ellipsometry technique. Moreover, an

increase in the layer thickness, from the several nanometers up to

50–60 nm, was revealed for the titanium implant retrieved from the

human body after 8 years from surgery.4,48 For the sample immersed

in the PBS + H2O2 + BSA solution, no signals from Ti and Nb were

detected (see Figure 4A,B). Instead, only peaks from non-metallic ele-

ments were recorded (Figure 4A–D). The addition of BSA to the solu-

tion led to the covering of the oxide surface with a chemically

uniform/continuous layer that exceeds a few nanometers.

Deconvolution of the C and N peaks revealed the presence of bonds,

which are characteristic for albumin: C C/C H (285.0 eV), C O/

C N (286.5 eV) and N C O (288.2 and 400.2 eV), Figure 4E,F.49

Comparing the C1s and N1s spectra after individual

immersion processes (Figure 4C,D), it can be seen that their positions

in relation to the binding energy (BE) did not change drastically. This is

due to the presence of characteristic C, O and N functional groups,

where their BE ranges are close to each other.50 For the non-

immersed sample and the sample exposed to the PBS + H2O2, C, O

and N compounds on the surface are impurities whose presence is

related to the contact with the laboratory atmosphere.35 Changes in

the C and N signal after immersion in the PBS + H2O2 solution could

be related to the more effective adsorption of impurities to the

porous surface developed in the H2O2-enriched solution. As was pre-

viously mentioned, for the sample exposed to the PBS + H2O2 + BSA

the C1s and N1s signals can mainly be correlated with the presence

of albumin.49 Moreover, observation of the change in the shape of

the C1s carbon peak revealed that the maximum broadening intensity

at energy �288.0 eV is increased in the PBS + H2O2 + BSA reaching

the characteristic position for the N C O bond in albumin.51 In order

to support findings derived from spectroscopic methods, additional

TEM studies of the surface cross-sections were conducted.

TEM analysis revealed that the thickness of the oxide film after

2 weeks of immersion in PBS + H2O2 was �30 nm (Figure 5). More-

over, based on TEM observations, it was found that the oxide demon-

strated a double-layer structure which confirmed the assumptions

included in the pioneering works related to the corrosion behavior of

standard Ti-based materials in simulated inflammatory conditions. The

first part was a continuous and compact oxide layer, which thickness

F IGURE 5 TEM and HAADF STEM micrographs of the cross-section Ti Nb surface after 2-weeks of exposure to the PBS + H2O2 and EDS
maps of Ti, O and Au distribution, the latter shows distribution of gold particles within the oxide layer.
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did not exceed ten nanometers. STEM observations performed with

atomic resolution indicated the amorphous character of the compact

oxide (Figure 6). The second part of the oxide film was substantially

thicker, porous and defective (Figures 5 and 6). Highly porous charac-

ter of the oxide film is reflected also by discontinuous protective gold

layer that was partially sputtered across its thickness, as was indicated

by elemental EDS distribution maps (Figure 5).

For the Ti Nb alloy immersed in the PBS + H2O2 + BSA, a con-

tinuous layer of adsorbed albumin with a thickness of �15 nm could

be distinguished in the cross-section TEM micrographs (Figure 7), and

HAADF STEM micrographs (Figure 7). This confirms the results of

post-immersion XPS analysis. Contrary to the surface exposed to the

PBS + H2O2 solution, the sputtered gold layer was not disrupted,

which is related to the smooth character of the albumin film. The

oxide film formed in the PBS + H2O2 + BSA showed a double-layer

structure, similar to that developed in the protein-free solution

(Figures 5 and 6). Firstly, a continuous layer, placed in direct vicinity of

the bare Ti Nb alloy, was less than 10 nm in thickness (as in the case

of PBS + H2O2). However, differences were found in the thickness of

defective layers formed in different simulated inflammatory environ-

ments (Figures 5 and 7). In the case of PBS + H2O2 + BSA, the

porous part of the oxide film was substantially thinner (�10 nm) com-

pared to the PBS + H2O2 solution (�20–25 nm).

4 | DISCUSSION

Literature data have documented that the significant difference in stiff-

ness between bone tissue and orthopedic implants could prevent the

transfer of mechanical stresses from the material to human bone. This

phenomenon could result in the bone resorption around the implant

and, in the worst cases, lead to implant loosening.52 Biomedical Ti Nb

alloys respond to this problem by offering remarkably lower elastic

modulus values than currently used standard metal-based biomaterials.

For several years, research on Ti Nb alloys has been focused on

obtaining a satisfactory balance between elastic modulus and mechani-

cal strength.53–57 Less attention has been paid to corrosion resistance,

which up to date has been characterized in detail mainly in the standard

biomedical solutions, which do not sufficiently reflect the complexity of

peri-implant fluids.56,58,59 This study focuses on the analysis of how

organic compounds of human fluids (proteins) affect the corrosion

behavior of Ti Nb alloy under simulated inflammatory conditions,

which are clinically relevant during the post-operative period.34 The

effect of proteins was simulated by the addition of albumin owing to

the fact that it occurs in large concentrations in human fluids, and

adsorbs quickly (from seconds to hours) onto the surfaces of biomate-

rials after their implantation.60 In order to obtain knowledge about the

time-dependent influence of albumin, corrosion behavior was analyzed

after short (2 and 24 h) and longer immersion periods (336 h –

2 weeks). Corrosion tests were supplemented by top-view and cross-

section analysis, which provided information about the interaction

between the metallic surfaces and simulated body fluids. Overall results

revealed that albumin significantly enhanced Ti Nb corrosion resis-

tance under simulated inflammatory conditions.

Literature data show that albumin usually slightly enhances or has

virtually no effect on the corrosion resistance of Ti-based biomedical

alloys. Short-term EIS tests revealed that the presence of albumin in

the PBS solution increased the resistance of the passive layer formed

on the Ti 6Al 4V surface.37 On the other hand, virtually no effect of

albumin was found based on the results of immersion tests conducted

for the long term (22 weeks).61 Albumin quickly adsorbs onto the

metallic surface and reduces the corrosion process by acting as an

organic barrier layer in short exposure periods.24 However, albumin

has the ability to create metal-protein complex compounds which

could weaken the strength of metal-oxide bonds.60 Consequently,

metal-protein complexes can detach from the surface, and this pro-

cess can be additionally facilitated by the Vroman effect. This phe-

nomenon is related to the exchange and replacement of the proteins

that are bound to the metal/oxide surface.62 Detachment of albumin-

metal complexes from the alloy surface could hinder the slight favor-

able effect of proteins on its corrosion resistance. Other findings were

reported for Ti 6Al 4V exposed to the simulated inflammatory envi-

ronment. The deleterious effect of albumin on Ti 6Al 4V corrosion

resistance under simulated inflammation is believed to be associated

with the inhibitory effect of albumin on the cathodic reaction (oxygen

reduction), which accelerates the H2O2-induced corrosion of

Ti. Inhibition of the cathodic reaction was reflected by a lower OCP

value (for about 300 mV) registered in the case of Ti 6Al 4V

immersed in the PBS + 0.1% H2O2 + 4% BSA compared to the PBS

+ 0.1% H2O2.
20 Both potentiodynamic and ICP-MS tests revealed

that albumin has a negative impact on Ti 6Al 4V corrosion resis-

tance in PBS + H2O2, which is more pronounced in the case of higher

proteins concentrations.20,23 Moreover, EIS tests indicated that the

negative influence of albumin is visible mostly in the case of longer

immersion periods (>24 h).22

F IGURE 6 HAADF STEM micrograph of the cross-section Ti Nb
surface after 2-weeks of exposure to the PBS + H2O2. Fast Fourier
transformation (FFT) reflect the crystalline and amorphous structure
of Ti Nb substrate and oxide layer, respectively.
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Described observations are contradictory to our findings derived

from the EIS and ICP-MS data obtained for Ti Nb tested in two simu-

lated inflammatory solutions (PBS + 0.1% H2O2 and PBS + 0.1%

H2O2 + 4% BSA). According to the short-term EIS tests (2 and 24 h),

the oxide layer resistance was an order of magnitude higher in the

case of Ti Nb exposed to the protein-rich solution (Figure 2C). Simi-

larly, the total amount of metal ions detected in the PBS

+ H2O2 + BSA after 2 weeks of immersion, did not exceed a few

ppm, while in the PBS + H2O2 solution, tens of ppm were detected

(Figure 3). Thereby, the results obtained by complementary electro-

chemical and spectrometric techniques confirmed that albumin influ-

ences beneficially the initial as well as prolong corrosion behavior of

Ti Nb under simulated inflammatory conditions. Differences in the

corrosion response are strongly related to the surface characteristics

tailored by the interaction between Ti Nb surface and H2O2 or H2O2

and albumin (Figures 4, 5, 6, and 7). TEM observations revealed the

presence of a few nm in thickness compact oxide film on the Ti Nb

surfaces (Figures 5 and 7). Virtually no differences were found in the

compact oxide layer thickness observed after immersion in PBS

+ H2O2 and PBS + H2O2 + BSA. These results are in agreement with

the findings obtained from the calculation of the oxide layer thickness

based on capacitance values derived from EIS data using the Power-

Law approach (Table 2). The compact oxide layer is responsible for

corrosion protection. Generally, the interaction between H2O2 and Ti

alloys surfaces leads to their dissolution and further deposition in the

form of porous and defective oxides.10,63 In PBS + H2O2, the trans-

port of ions across the oxide is facilitated compared to the albumin-

rich solution, which resulted in greater dissolution and subsequent

pronounced repassivation. It can be noticed that the thickness of the

repassivated oxide is around two times greater in the PBS + H2O2

compared to those visible after exposure to the PBS + H2O2 + BSA

solution (Figures 5 and 7). It can be noticed that for Ti Nb immersed

in protein-rich solution, discontinuities within the oxide film were

filled with the adsorbed albumin which formed a continuous film on

the top of the Ti Nb surface (Figure 7). Full coverage of the oxide by

the organic layer was confirmed by both XPS analysis and TEM obser-

vations. Protein could act as a barrier layer against Ti Nb oxidation

induced by H2O2. Albumin-limited interaction between Ti and H2O2,

resulted in suppressing Ti and Nb oxidation, which was reflected by a

greater resistance of the oxide layer, lower amount of metal ions

detected in the PBS + H2O2 + BSA solution, and consequently a thin-

ner layer of the re-deposited oxidation products. Summing up, our

study showed that albumin did not decrease the corrosion resistance

of the single β-phase Ti Nb alloy, despite the fact that it was found in

literature to accelerate Ti corrosion within the β-phase in case of

Ti 6Al 4V (α + β). We believe that the deleterious, synergistic effect

of H2O2 and albumin on the corrosion behavior of Ti 6Al 4V is

related rather to the presence of Al and V. Preferential binding of

albumin to Al is accelerated in the case of the defective, H2O2-

attacked oxide layer. Moreover, the formation and detachment of Al-

BSA complexes facilitate Ti oxidation within the β-phase of

Ti 6Al 4V.23

To the best of the authors' knowledge, this study presents the

first attempt to describe the corrosion resistance of the extensively

studied group of biomedical Ti Nb alloys in the complex simulated

inflammatory environment that includes the presence of organic com-

pounds found in human blood. Therefore, additional experiments are

necessary to fully describe and understand this effect. The process of

F IGURE 7 TEM and HAADF STEM micrographs of the cross-section Ti Nb surface after 2-weeks of exposure to the PBS + H2O2 + BSA
and EDS maps of Ti, O, Au distribution.
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early stage albumin adsorption on Ti Nb surface should be evaluated

and compared with Ti 6Al 4V using local combined electrochemical-

microscopic techniques such as scanning Kelvin probe force micros-

copy.64 This would allow to gain knowledge about the interaction

between proteins and the Ti Nb surface in the presence of H2O2 and

could provide direct information about the differences in surface

behavior between Ti Nb and Ti 6Al 4V in a protein-rich simulated

inflammatory environment. Future work should also consider the

effect of microstructure on Ti Nb corrosion behavior in PBS

+ H2O2 + albumin, which could be refined in order to alter alloy's

mechanical properties.54,55 Moreover, similar corrosion evaluation

should also be repeated for other promising Ti β-phase biomedical

alloys that contain different β-phase stabilizers.

5 | CONCLUSIONS

In this work, the effect of albumin on the corrosion resistance of bio-

medical β-phase Ti Nb alloy was investigated in the PBS + H2O2

fluid, which simulates the conditions created by immune cells in the

post-operative inflammation period. The main conclusions derived

from this study are as follows:

• Albumin significantly enhances the corrosion resistance of Ti Nb

alloy under simulated inflammatory conditions. This was confirmed

by the higher values of oxide layer resistances designated from the

EIS tests performed after 2 and 24 h of immersion in the albumin-

rich solution (Rox = 0.03–0.04 MΩ � cm2 in PBS + H2O2 and

Rox ≈ 0.13–0.20 MΩ� cm2 in PBS+H2O2+BSA) and by the

lower concentration of metal ions detected after 2weeks of expo-

sure (�65ppm in PBS+H2O2 and �8ppm in PBS+H2O2+BSA).

Therefore, the beneficial effect of albumin was visible in both short

and long-term of Ti Nb exposure to the tested solutions.

• Two weeks of Ti Nb exposure in the PBS + H2O2 + BSA solution

resulted in complete surface coverage by the adsorbed albumin.

This was confirmed by both analysis of the surface chemical com-

position (XPS) and observations of the surface cross-sections (TEM

and STEM). The thickness of the albumin layer was �15 nm.

• Adsorption of albumin suppresses Ti Nb oxidation induced by

H2O2 and further growth of the defective oxide layer. The overall

thickness of the oxide film formed in the PBS + H2O2 was

�30 nm, while in the PBS + H2O2 + BSA, it did not exceed 20 nm.

• Contrary to Ti 6Al 4V (α + β), an undesirable synergistic effect of

albumin and H2O2 on the corrosion resistance was not observed

for Ti Nb (β). Results of the short and long-term corrosion studies

indicate that the addition of blood/serum proteins to the physio-

logical solutions is not necessary to simulate the harsh inflamma-

tory environment.
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