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This work compares the surface modifications induced by the immersion in solutions that simulate inflammatory
conditions of pure titanium (cpTi) and medical grade stainless steel (SS). The inflammatory conditions were sim-
ulated using a mixture of Hartman solution and 50 mM of hydrogen peroxide (H,0,) at pH = 5.2. The samples
were immersed by 7 days refreshing the solution every day to keep the reactivity of the H,0,. The surface char-
acteristics that were investigated were: elemental composition by X-ray photoelectron spectroscopy (XPS); to-
pography by atomic force microscopy (AFM) and profilometry; wettability and surface energy by sessile drop
contact angle and point of zero charge by titration. Moreover, the variations in the electrochemical response
were evaluated by open circuit potential (OCP), electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization (PP) performed before and after the treatment using the Hartman solution as the electrolyte.
The XPS results indicated that for both metallic samples, oxidation of the surface was promoted and/or the oxide
layer was thicker after the immersion. The roughness and the solid-liquid surface energy were increased; the
samples showed a more hydrophilic character after the treatment. However, the surface energy of the solid esti-
mated using the Van Oss-Chaudhury-Good approach showed different trends between the cpTi and the SS sur-
faces; the polar component decreased for cpTi, while it increased for SS. Finally, the electrochemical results
indicated that the corrosion resistance (Rco) and the pore resistance (R,) significantly decreased for cpTi,
while both resistances were not significantly different for the SS. This is indicative of a higher dissolution of the
cpTi compared to SS and the lower R, means that the species are easily transported through the surface layer,
which can be explained in terms of the formation of a porous TiOy layer, not observed on the SS. The cpTi surface
suffered from a dissolution/oxidation process that allows its integration with the surrounding media, while the SS
remained completely passive and this different response might be related to their distinguished clinical outcome.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and its alloys are currently the standard metallic materials
for orthopedic and dental implants due to its superior properties com-
pared to other biocompatible metal alloys, such as medical grade stain-
less steel and cobalt-chrome alloys [1-3]. Titanium alloys are the only
metallic materials that present osseointegration, defined as a structural
and functional connection between the living bone and the implant sur-
face [4-6]. The reason for such behavior is not completely understood
yet and different models have been proposed, such as the affinity of
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the dielectric constant of the native titanium oxide to water, which in-
duces low polarizability of the surface and therefore not strong electro-
static forces that could lead to the unfolding or loss of conformation of
the adsorbed proteins [3]. Another model is the formation of an hydrat-
ed porous TiOOH layer during the initial period of implantation as a con-
sequence of the interaction with reactive oxygen species produced
during the inflammatory process that occurs after implantation [7].
The model proposes that the porous layer, in conjunction with the
other physicochemical properties of the TiOy surface promotes the accu-
mulation of Ca?* and phosphate ions. The initial research to investigate
the interaction of titanium surfaces with the reactive oxygen species
(ROS) was done by Tengvall et al. [8], who actually evaluated if the me-
tallic surface could enhance the inflammatory response promoting the
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formation of oxidative species through a Fenton reaction. The conclu-
sion from those works, where different metals (M) were compared,
was that Ti (and most generally, the M** ions) does not contribute sig-
nificantly to the formation of hydroxyl radicals even in a large pH win-
dow, which could partially explained the good biocompatibility of the
M** metals. Moreover, they [8] propose that Ti surfaces immersed in
H,0, rich solutions, lead to the release of metal ions or TiO, species
which are bound in a Ti-H,0, complex inducing the formation of the
TiOOH matrix that was not observed for any of the other metals. Since
then, other works [7,9-13] have investigated the interaction of titanium
surfaces with hydrogen peroxide, simulating the conditions when the
metal is implanted in the human body and hydrogen peroxide is gener-
ated by an inflammatory reaction. Most of the analyses include the
electrochemical evaluation of Ti surfaces immersed in simulated inflam-
matory conditions with H,0, concentrations in the 10 to 330 mM. The
reason behind these studies is that in vivo studies based on retrieved
implants have shown that the thickness of the titanium oxide is much
thicker than the passive stable oxide TiOy film [ 14] that is spontaneously
formed on metallic Ti surfaces, normally a few 5-10 nm thick [15]. And
also thicker that the oxide layer formed during in vitro experiments
where Ti was immersed on standard physiological solutions even in
the presence of proteins. Pan et al. [16], found that the addition of
H,0, into the physiological solution where Ti pieces were immersed,
leads to an increase in the dissolution/oxidation rate of titanium, evi-
denced by a decrease in the low frequency impedance of the Ti surface
immediately after the immersion. However, after a few days, some re-
growth or self-healing process was observed. By combining angle-
resolved X-ray photoelectron spectroscopy, impedance spectroscopy
and color interference analysis, they [16] concluded that H,0, directed
the formation of a surface double-layer. The formation of such a com-
plex interface: thin-compact TiOy (about 10 nm) followed by a thick
(30 nm) porous (TiOOH) layer [7,8] is followed by the enhanced disso-
lution of metal ions due to the H,0,, which precipitates on the surface
forming the porous outer layer [12]. The particular properties of the
thick oxide layer grown during the vivo conditions could explain not
only the larger biocompatibility of Ti in comparison to other metallic
surfaces, but also the close contact between the bone and the implant
obtained for Ti in comparison to other metals, with a certain degree of
interlocking due to the porosity and roughness of the surface TiOy
layer. More recent studies have also investigated the Ti-H,0, interac-
tion, obtaining similar conclusions. Fonseca et al. [9] performed a com-
plete electrochemical analysis, confirming the decrease in the
corrosion resistance of the titanium in the presence of H,0,, and show-
ing that there is an outer layer which is rougher and less blocking that
the oxide formed in the absence of the oxidant. Bearing et al. [13] did
a simultaneous electrochemical atomic force microscopy for Ti samples
immersed in phosphate buffer solution containing 30 mM of H,0,. The
conclusions were that the growth of the oxide domes was larger in the
pure PBS than in PBS + H,0,, i.e. the oxidation resistance of the titani-
um was reduced in the presence of H,0,. Bearing et al. [13] actually
compared cpTi with TiAlV, showing less reactivity of the alloy. However,
Brooks et al. [12] observed a similar electrochemical response between
cpTi and TiAlV, when immersed in solutions that simulate the inflam-
matory conditions (PBS + 150 mM H,0, and pH = 5.0). Electrochemi-
cal impedance analysis indicated a decrease in the polarization
resistance with an increase in the magnitude of the capacitance of the
surface layer, which was associated to the formation of a thin and defec-
tive oxide layer. Moreover, they [12] also measured the amount of me-
tallic ions released from the surfaces, finding that there was a significant
increase in the dissolution of Ti ions into the solution in the presence of
H,0,, phenomena that had been presumed in previous experiments but
not directly measured. Such results are in agreement with the proposed
model of Tengvall et al. [17], for the remodeling of the Ti surface through
a dissolution-oxidation process. Hydrogen peroxide has also been pro-
posed as a method to modify and improve the biological response of Ti
surfaces based on H,0, treatments. Karthega et al. [ 10] showed that the

modification induced on Ti surfaces were dependent on the concentra-
tion of H,0,. In that case the immersion on H,0, solution was done at
80 °C for 1 h and followed by an annealing at 400 °C and under this con-
dition the oxide film grew with a specific structure that allowed the for-
mation of a calcium phosphate layer on the surface.

All these previous studies demonstrate that titanium surfaces are
highly sensitive to the interaction with H,O, rich solutions. However,
there are still some details of the interaction that have not been ex-
plored, as for example the effect of the peroxide on other surface prop-
erties. Surface properties include many aspects such as wettability,
surface energy, roughness, composition, crystallinity, etc. [18] and
many of them have been shown to be determinant factors for the cellu-
lar adhesion, proliferation and differentiation [5,19-22].

The aim of the present paper is to evaluate the variations induced in
the physico-chemical properties of the titanium surface as a conse-
quence of the immersion for 7 days in H,O; rich solutions and compare
such variations with those occurring in a less biocompatible metal, such
as the medical grade stainless steel (AISI 316L). The approach is differ-
ent than in previous studies, since the samples will be exposed to the
H,0, rich solutions, washed and then, the surface physico-chemical
properties will be evaluated, including the difference in the electro-
chemical response.

It is worth to mention that the use of H,0, solutions to simulate the
inflammatory process occurring in vivo is an over simplification of the
real process, which involves not only one chemical reactive specie but
also the inflammatory cell response. The release of reactive oxygen spe-
cies (ROS) by inflammatory cells in response to biomaterials in vitro
have been measured by different authors [23-27] and in-vivo real-
time generation of ROS were measured over the course of 28 days
[28]. Moreover, the authors [28] found that high levels of ROS were his-
tologically correlated with the presence of phagocytic cells and fibrosis
at early and later times, respectively, suggesting that ROS may be in-
volved in both the acute and chronic phase of the foreign body response.
Despite all these works, not quantitative data about the concentration of
ROS or H,0, are usually reported; the results are presented as relative
data, indicating more or less ROS. Therefore, for the present work, we
chose a concentration within the range reported by Tengvall et al. [17].

2. Experimental details
2.1. Sample and films preparation

Disks of both titanium grade 2 (cpTi, 14 $ mm x 1.2 mm) and 316L
stainless steel (SS, 13.5 & mm x 1.2 mm) were polished using 80, 120,
220, 360, 600, 1000, 1500 and 2000-grit silicon carbide paper, and fin-
ished in automatic polishing machine (UNIPOL-810 MTI) using 1 and
0.3 um alumina suspensions. Then, the disks were washed and sonicat-
ed consecutively during 10 min in acetone, isopropanol and deionized
water, finally, they were dried with nitrogen gas.

2.2. Hydrogen peroxide treatment

The H,0, treatment consists of the immersion of the samples during
7 days in a Hartman® solution containing 50 mM of H,0,. The samples
were immersed in 15.0 mL of this solution and kept in dark at 37 °C dur-
ing 7 days; only the top surface was exposed by masking the counter
face with silicon coating. The solution was refreshed every 24 h to
avoid the loss of the H,0, species; according to the measurements of
Pan et al. [7] using a VACUette ampoule test, the H,0, concentration de-
creased about 40% of the initial value in 24 h. Finally the samples were
washed using deionized water and dried with nitrogen. Samples before
the treatment are named pristine (P) and after the treatment, they have
been name as treated-samples (T), then the labels used along the paper
are cpTi-P, cpTi-T, SS-P and SS-T. For reference, immersion experiments
for 7 days in pure Hartman solution were also performed, but no signif-
icant changes in the surfaces properties or the electrochemical response
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were observed. As mentioned in the introduction, the 50 mM hydrogen
peroxide concentration was chosen based on previous reports [17], but
we did also some screening experiments using 20 mM and 100 mM. The
first concentration did not induced significant changes on the surface,
while the 100 mM was too aggressive, leading to extended corrosion
of the SS sample.

2.3. Physico-chemical surface characterization

The chemical composition of the pristine and treated samples was mea-
sured using the K-Alpha X-ray photoelectron spectrometer (XPS) by Ther-
mo Fischer Scientific. An argon beam was used to clean the surfaces before
the XPS analysis. The XPS was operated at 8 x 10~ Pa using Al Ka radia-
tion hv = 1486.6 eV with a spatial resolution of 500 pm and 200 and 25 eV
pass energy to acquire the survey and high resolution spectra, respectively.

The surface topography and roughness of P and T samples were
measured by atomic force microscopy (AFM) using a Jeol JSPM-5200.
The sample scanning was performed using the tapping mode at ambient
conditions. The cantilevers used were a V-shaped silicon model NSC15
with a vertex angle of 20° and a radius of curvature of 10 nm with a
shape of a square pyramidal. The areas of scanning were 5 x 5 um.
The roughness was also measured using a DEKTAK II profilometer;
seven different scans of 250 um length were done on three samples of
the same type.

The contact angle was determined using a Ramé-Hart Inc. Goniometer
in static sessile drop mode; drops of 5 pL were used for each probe liquid.
Three liquids were employed: water, formamide and diiodomethane. Pre-
vious to the measurements, all samples were exposed to the same
cleaning process consisting of sonication in isopropanol, drying using ni-
trogen and heating by 15 min at 80 °C.

The calculation of the surface energy was performed using the Van
0ss-Chaudhury-Good (VCG) [29-32] method:

(1 + cosh)y, = 2<\/‘Y§W%W + \/7§7L_ + \/75_7L+>

where 6 is the contact angle, -y, the total surface tension of the probe lig-
uid, Y5 and " are the non-polar or dispersive interaction (Lifshitz
van der Waals) of solid and probe liquid, respectively. The polar interac-
tion, Y2 was decomposed into its Lewis-acid and Lewis-base compo-
nents; y;"y; and ¢ ys, respectively.

The point of zero charge (pzc) was also determined before and after
the treatment. For this, we use potentiometric titration, using 0.01 M
KCl as a background electrolyte, whose initial pH value was adjusted
with solution 0.01 M HCl to obtain a pH value of 2. The purpose of the
background electrolyte was to stabilize the ionic strength in the solu-
tion, and it was selected considering that the cations and anions of the
background electrolyte do not compete with the adsorption process
and do not react with the catalyst surface generating complexes in the
solution. The titration was carried out by adding 2 mL of 0.01 M NaOH
and measuring the change in the pH (from 2 to 12), using a potentiom-
eter (Jeanway model 3540) and bubbling nitrogen. Finally, the change
of pH as a function of added volume of NaOH represents a curve in
which its inflection point is the pzc [33,34].

24. Electrochemical measurements

Electrochemical experiments were performed in a classical three-
electrode cell of 150 mL at room temperature using a PCI400 Gamry
potentiostat. The reference electrode was a calomel electrode (SCE,
Hg:Hg(l), the counter electrode was a platinum wire of 5 mm of diam-
eter and 10 cm in length, and the samples functioned as the working
electrodes. The area exposed for each sample was of 0.196 cm?. The
electrolyte was the Hartmann's solution that simulates physiological
fluid. Hartman solution was chosen since it is a standard medical solu-
tion isotonic with blood; it simulates the mineral concentration of the

physiological fluids. Basically, it contains sodium (131 mEq), chloride
(111 mEq), potassium (5 mEq) and calcium (4 mEq) ions plus lactic
acid. Lactic acid (2-hydroxypropanoic acid) is a chemical compound in-
volved in a variety of biochemical processes. The concentration of lac-
tate in the Hartman solution is 29 mmol/L similar to the concentration
of lactated Ringer's solution that is another solution commonly used
to simulate corrosion processes in physiological fluids.

Each sample was immersed in the electrolytic cell and the open circuit
voltage (OCP) was monitored for at least 1800 s, where it usually has
reached the equilibrium. Then, the electrochemical impedance spectrosco-
py (EIS) experiment was initiated. Impedance data were collected versus
SCE, in the frequency range from 0.01 Hz to 100 kHz at AC electrical signal
of 10 mV for all the samples. At the end, the impedance spectra were recol-
lected a second time to make sure that no variation was induced to the
surface during the EIS acquisition. If this condition was fulfilled, then the
potentiodynamic polarization (PP) measurements were performed. The
voltage scan was done from —1 V to 1 V using a steep rate of 0.5 mV/s.

Data analysis was performed using the software Gamry Echem Ana-
lyst. The corrosion potential, E.,, and corrosion current density, lcorr,
were calculated by the cathodic Tafel slope. Meanwhile the EIS spectra
were fitted using appropriate equivalent circuits and the Levenberg—
Marquardt algorithm. For all the EIS data, a Kramers-Kroning analysis
was performed to confirm the validity of the measurements before pro-
ceeding with the equivalent circuit analysis [35].

2.5. Statistical analysis

All measurements were done by triplicate (3 different samples); for
AFM and Electrochemical tests, only one measurement for sample was
done. For profilometry, seven scans were done on each sample (number
of total data = 21). For contact angle, two drops were measured in each
sample and the left and right angles were calculated, leading to 12 an-
gles for each liquid. The final results were analyzed using the IBM-
SPSS software. For the results that showed a normal distribution
(AFM, profilometry for cpTi, wettability and electrochemical tests), the
paired t-test was used, so the mean values and standard errors are re-
ported. When, the results did not show a normal distribution
(profilometry for SS and surfaces energies), the Wilcox-signed rank
test was used and so the median values were used to compare between
groups; standard errors are also reported.

3. Results
3.1. Chemical composition

Fig. 1a-d shows the XPS results from the two samples before (a-b)
and after (c-d) the immersion in the H,0, enriched Hartman solution.
It can be seen that the surface composition of both metallic surfaces
were strongly modified. The untreated cpTi-P (1a) showed the presence
of both metallic Ti (Ti® 2p;/, and Ti° 2ps/;peaks, 75%) and a sub-
stoichiometric TiOy oxide (Ti** 2p;, and Ti?" 2ps,, peaks, 25%) [36].
The detection of metallic Ti could be associated to the small thickness
of the native oxide layer of the Ti, which is usually reported as 5-
10 nm, therefore some photoelectrons emitted from the under-layer
metallic Ti can reach the detector or, to a non-uniform native oxide
layer. However, the results also indicated that the native oxide surface
layer does not have the stoichiometric TiO, composition. After the
7 days of immersion, the amount of metallic Ti was strongly reduced
(11%) and the dominant peaks correspond to Ti**2p; , and Ti* " 2ps,
(63%) suggesting that the native oxide has become stoichiometric
(TiO,) and probably thicker, so the metallic Ti signal is reduced. For the
SS, the analysis was focused on the chromium signal since the surface
layer of SS is predominantly a chromium oxide. Similarly to the cpTi, we
found signals from both metallic Cr (Cr°2p;,, and Cr%2ps,, 58%) and
Cr,03 (Cr*2py, and Cr3 ™ 2ps,, 42%) in the polished SS (Fig. 1b). How-
ever, after the immersion, only the Cr,03 signal was detected.
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Fig. 1. Elemental analysis before and after the treatment performed by X-ray
photoelectron spectroscopy. The 2p Ti peaks in titanium for (a) cpTi-P, (b) cpTi-T, and
the Cr 2p peaks for (c) SS-P and (d) SS-T.

In the two metallic samples, oxidation of the surface was promoted
and/or the oxide layer was thicker after the immersion.

3.2. Topography and roughness

Fig. 2a-d shows the atomic force microscopy images at 5 x 5 um res-
olution of the four samples before (a-b) and after (c—d) immersion. Some
scratches related to the polishing process can be observed. After the treat-
ment, both surfaces presented more regular spikes than before but in gen-
eral not very strong variations on the surface topography were induced by

R, =3.43+0.02
R, =4.60% 0.11
Ryjis = 56.67 + 13.19

the H,0,, probably due to the relative low concentration used (50 mM).
Nevertheless, the quantitative analysis of the surface topography indicat-
ed that the roughness parameters (average roughness, R,; root mean
square roughness, Ry and the average 5 largest peak-to-valley values,
Ryjis) nearly doubled for the cpTi, while for the SS the variations were
lower, data shown in Fig. 2. It has been extensively demonstrated by
Giljean et al. [37] and others [38] that a priori it is not obvious which is
the roughness parameter that is important for an specific cell-surface in-
teraction, such as the attachment, adhesion, proliferation or differentia-
tion. On the other hand, roughness values are also dependent on the
length scale, and then scan dimensions in accordance to the size of the bi-
ological entities should be used. According to the analysis of Bigerelle et al.
[39], 2D profilometry analyses are more adequate to correlate surface pa-
rameters with surface-cell interactions than AFM. Then, roughness ampli-
tude parameters were measured at a length scale of 250 um using a
contact profilometry. Since the length scale is much larger using the
profilometry than for AFM (250 pm vs 5 pm), the estimated roughness
data are different among both techniques. Fig. 3 shows the R,, Rq and
the Ryjis for the cpTi and SS samples before and after the treatment.
Even though both samples were mirror-polished, the roughness was
one order of magnitude higher on the cpTi than for the SS, most probably
due to the difference on their mechanical and synthesis parameters. From
this figure and the statistical analysis (p < 0.05), we are certain that there
was an increase in the surface amplitude parameters for both samples
after the treatment. The increment in surface roughness was about 65-
100% (different for each parameter and material) of the initial value for
both samples, in agreement with variations observed using the AFM at
lower length scales. The statistical analysis indicated that all the changes
were statistically significant (p < 0.05).

3.3. Water wettability and surface energy

The mean water contact angles (WCA) or wettability are shown in Fig.
4, The results indicated that the untreated surfaces have WCA between 61

b) $S-P

R, =1.55+0.59
Ry =2.19%0.79

R, =2.62+0.42
Ry =2.91%0.32
R.jis = 32.77% 4.44

Fig. 2. Atomic force microscopy (mean values + standard error) measured at 5 pm x 5 pm amplification before (a) cpTi-P and (b) SS-P and; after the treatment (c) cpTi-T and (d) SS-T. All

the roughness values are given in nm.
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Fig. 3. Roughness values obtained by profilometry (250 pm scan length) for both surfaces
before and after the treatment: R, is the average roughness, Rq is the root mean
square value and Ryjis is the average 5 largest peak-to-valley values. For cpTi; mean
values + standard error, while for SS median values + standard error are shown.
Roughness parameters increased after the treatment for both samples.

and 65° which according to Berg et al. [40] and Vogler E. A. [41] are close
to the limit between hydrophobic and hydrophilic surfaces. After the im-
mersion, the WCAs were significantly (p < 0.05) reduced for both sur-
faces, but the effect was stronger for cpTi (from 61.5° 4+ 1.5° to 36.2° +
2.5°) and much lower in SS (65.2° 4= 0.7° to 50.5° £ 0.5°); both changed
to a more hydrophilic character. The water contact angles measured for
the cpTi are in good agreement to those reported by other authors;
Ponsonnet et al. [42] reported 53.9° 4 5.1°, Mekayarajjananonth and
Winkler [43] reported 58.5° and Rosales-Leal et al. [44] obtained about
62° + 4°, even though it is well known that WCAs are dependent on
the cleaning procedure, so large difference can be reported for the same
material [45,46]. The decrement in the WCA is on agreement with the
slight increment observed in the solid/liquid interfacial tension (the
work of adhesion), 'y calculated using both the Young-Dupré and VCG
method, data reported in Table 1. The observed change of the cpTi
through more hydrophilic character is in principle a good factor to pro-
mote cell interaction and the in vivo rate of osseointegration [47-50].
However, it is important to consider that the surface wettability is usually
working synergistically with other surface properties, such as topography,
surface energy and charge.

70

Contact Angle Media (°)

=y
o

cpTi-P

cpTi-T
Material

S§S-P SS-T

Fig. 4. Water contact angle (mean values 4 standard error) or wettability of cpTi and SS
before and after the treatment. Both samples are more hydrophilic after the treatment.

Table 1
Solid-liquid interfacial energy calculated by two different methods using the water con-
tact angle data.

Material 'YS—Water(1 'YS—Waterb
mj/m? mj/m?
cpTi-P 107.90 + 0.02 1075+ 1.5
cpTi-T 131.40 + 0.04 1316 £ 25
SS-P 103.50 + 0.01 1034+ 0.7
SS-T 118.90 + 0.03 119.1 + 0.5

¢ Van Oss-Chaudhury.
> Young-Dupré.

In order to obtain information about the surface energy of the solid
using the Liftshitz—van der Waals/acid-base approach, the VCG method
was used using the contact angles measured for three liquids (water,
diiodomethane and formamide). Fig. 5a-d shows the histograms for
the total surface energy (5a), the dispersive or non-polar component
(5b), the polar component (5c¢) and the acidic (5d) and basic (5e) com-
ponents. The total surface energy and the dispersive component before
the treatment were similar for both metallic surfaces; in agreement
with reported values [42,51]. After the treatment, the total and disper-
sive energies showed the same trend; they increased slightly for cpTi
and decreased for the SS. The increase in surface energy indicates that
the surface reactivity has also increased and therefore chemical or phys-
ical adsorption will occur more easily after the treatment. It has been ex-
tensively shown that hydrophilicity affects positively the amount of
adsorbed proteins and their conformation and orientation [52-54]. Pro-
tein adsorption is considered the initial surface-medium interaction and
it creates a preconditioned surface that later defines the cell response
[41,55].

Larger and significant changes were detected for the polar compo-
nent (5c¢). The polar component increased for SS (5.3 to 7.7 mJ/m?)
and decreased for the cpTi (6.5 to 4.8 m]/m?). The variations in the
electron-acceptor (Lewis-acidic, y*) and the electron-donor (Lewis-
base, y~) components are shown in Fig. 5d and Fig. 5e, respectively.
The acidic constituent (y") decreased after the treatment; the variation
was stronger for the cpTi than for the SS. In accordance, the basic con-
stituent (y~) of the cpTi was nearly threefold after the treatment and
the value for SS was doubled; i.e. the electron-donor character was in-
creased for both samples. The electron-donor/electron-acceptor inter-
actions have been correlated to various interfacial phenomena such as
phagocytosis, protein adsorption [32,56] and microbial adhesion [57].
However, less is known about their effect on cell membranes.

3.4. Surface charge (point of zero charge)

The surface point of zero charge was measured before and after the
H,0, treatment and the results are reported in Fig. 6. The pzc describes
the solution pH at which the electrical density on the surface is zero and
accordingly, it determines the surface charge of the material at physio-
logical pH values [34]. The data indicated that the pzc increased after the
treatment for both samples in agreement with the increase in the basic
character of the polar component of the surface energy. The largest the
basic character means that the surface has a more positive character,
then when the surface is submerged in aqueous solutions, to compen-
sate the positive charge on the surface, it requires a larger adsorption
of negative or hydroxyl ions (OH™), i.e. the pH to get a zero surface
charge is larger. Moreover, the result is in agreement with previous re-
ports, where the pzc of clean, hydrated Ti surface is close to 6.7. The sig-
nificance of these results, is that after the treatment, the cpTi will be less
charged at the physiological conditions (pH = 7) than before. Mean-
while the SS will be more charged than in the pristine condition. The
pzc value of SS increased slightly from 7.3 to 7.6; at physiological condi-
tions (pH = 7) it will be more positively charged, while the cpTi will be
less negatively charged. This different behavior might have important
consequences for the cell-surface and cell-protein interactions, since
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strong electrostatic interactions between the implant surface and the
biomolecules are not favorable to improve the biocompatibility. For ex-
ample, the cell membrane is negatively charged due to its high compo-
sition of negatively charged lipids, thus strong electrostatic interaction
might lead to rupture of the cell membrane and severe toxicity.

3.5. Electrochemical evaluation

3.5.1. Open circuit potential

The open circuit potential (OCP) was measured as a function of time
for both samples, up to 1800 s, where a stable value was obtained
(Supporting Information Fig. S1). The OCP changed from negative to
positive after the treatment; for the cp-Ti, it increased from approxi-
mately —60 mV to +50 mV and for the SS from —24 mV to
+62 mV. Both surface showed a more passive behavior, probably due

to the formation of the thicker or stoichiometric oxide layer after the in-
teraction with the H,0, rich solution.

3.5.2. Impedance spectroscopy

Immediately after the OCP stabilization, the impedance spectra were
acquired. Representative Bode (averaged magnitude and phase) and
Nyquist plots from the EIS tests for the two samples before and after the
H,0, treatment are shown in Fig. 7a-d, respectively. From the Bode
plots, it can be seen that the impedance values at low frequency drastical-
ly decreased after the treatment for the cpTi, while it was not changed for
the SS. Similarly, not changes were observed for the phase angle of the
pristine and treated SS samples; ~70° in the middle range frequency.
The phase angle for the pristine cpTi was about 80° in a wide window
of frequencies (highly capacitive behavior of the native oxide), but after
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Fig. 6. Variation of the point of zero charge due to the immersion in H,0, rich solutions.
The relative charge of the surfaces in relation to the neutral pH is indicated.

the treatment decreased to ~70° and the frequency window was reduced,
suggesting the formation of the outer porous layer.

The Nyquist plots clearly show that there is almost no variation of
the electrochemical response for the SS; the diameter of the semicircu-
lar capacitive loop remained unchanged within the experimental error.
Meanwhile, for the treated cp-Ti the diameter was significantly re-
duced; an amplification of the high-frequency region is shown in the
inset of Fig. 7c.

Quantitative data was obtained by fitting the impedance spectra
using the circuit model shown in Fig. 8 which contains the solution re-
sistance in series with two parallel (R,Q) circuits, where the Rs are resis-
tance elements, and the Qs constant phase elements (CPE). The
impedance of the CPEs are Z = 1 / Q(jw)" where n is typically between
0.5 and 1. Values of n equal to 1, means that the CPE is an ideal capacitor,
while n lower than one account for non-uniform current densities due
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Fig. 8. Equivalent circuit diagram used to model the impedance spectra of both surfaces
before and after the H,0, treatment.

to surface roughness or inhomogeneity, such as variation of the resistiv-
ity along the thickness of the surface film [58-60]. This circuit has been
shown to work well for passivated metals such as SS and Titanium [61].
Other authors, however, used single Randles circuit [12,62,63] to model
a compact native oxide, but in our case, it did not work for any of the
two surfaces.

The first RQ (Rpo,Qc) in Fig. 8 simulates the resistance and capaci-
tance of the outer interface; the passive oxide in the metallic surface.
The second RQ circuit simulates the electrolyte-substrate interface
(ReorQeor) that corresponds to the faradic processes leading to the disso-
lution of the metallic substrate; R, is the corrosion resistance of the
metallic substrate and (Qco, n) is the CPE associated to that interface.
Examination of the fitted data (Data in Table S1 of the supporting infor-
mation) is shown in Fig. 9 that shows that both the corrosion resistance
(Reor) and the pore resistance (Rp,) significantly (p <0.05) decreased for
cpTi, while both resistances were not significantly different for the SS.
The Ry, describes the easiness for the transport of oxygen and metal
ions through the outer layer. Therefore, the lower R, for the cpTi is
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an indicative of a higher dissolution, while the lower R, means that the
species are easily transported though the outer layer, which can be ex-
plained in terms of a porous TiOy layer. For the cpTi, both capacitances
are also significantly (p < 0.05) increased, i.e. lower corrosion resistance
after the treatment. The trend for the SS is a slight reduction in both ca-
pacitances, but the difference is no statistically significant. The deviation
of the exponent parameters of the CPEs from 1 have been proposed as
indicative of either larger surface roughness [64], the presence of a po-
rous corrosion product layer or heterogeneities on the surface [59].
The results indicated that the exponents were always closer to 1 for
the cp-Ti in comparison to the SS, but as shown in Fig. 3, the roughness
was larger for the cpTi, so maybe the lower values obtained for the SS
(n=0.58 and m = 0.86) are indicative of a larger surface heterogeneity.
After the treatment, the exponent decreased slightly but the statistical
analysis showed that the variation between pristine and treated sam-
ples were not significant (p < 0.05).

3.5.3. Potentiodynamic polarization

Finally, after the EIS measurements that last about 2 h per sample,
the potentiodynamic polarization (PP) curves were obtained. The PP
plots are shown in Fig. 10 from — 1.0 to 1.0 V which allows us to observe
the differences in the passivation behavior of the samples. The passiv-
ation window is larger for the cp-Ti in comparison to the SS; a clear crit-
ical current density I = 2.5 x 10~% A/cm? is observed for the SS
around 0.8 V, while a slow dissolution is observed for the cpTi and
such behavior is similar before and after the treatment. From the PP
curves, the Ieorr, Ecorr and cathodic tafel slopes were obtained and report-
ed in Table 2. The most significant variation was obtained for the corro-
sion current density that increased for the cpTi while it remained nearly
unchanged for the SS. The corrosion current density is directly propor-
tional to the corrosion rate, so this result indicates that after the immer-
sion the titanium surface is more prompt to suffer corrosion. The
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Fig. 10. Potentiodynamic polarization curves for (a) cpTi and (b) SS before and after the
treatment.

cathodic Tafel slopes were similar after the treatment for both materials,
but the initial value was smaller for the SS than for cpTi.

4. Discussion

The objective of the study was to compare how immersion into H,0,
rich solutions (simulated inflammatory conditions) alters both the sur-
face properties and the electrochemical response of pure titanium and
medical grade stainless steel. To achieve this, we measured a wide
range of physico-chemical surface properties and performed electro-
chemical tests before and after the immersion. The aim of the compari-
son was to gain understanding about why Ti surfaces have a better
biological outcome in comparison to stainless steel, through recognizing
their different in vitro response to exposure to the immersion into in-
flammatory physiological conditions. Since the 1960s Ti and its alloys
have been extensively used in dentistry, orthopedic and maxillofacial

Table 2

Results (mean values + standard error) for the cathodic slope, corrosion potential and cor-
rosion current density determined from the potentiodynamic polarization of the cpTi and
SS before and after the treatment measured using the Hartman solution as the electrolyte.

Material Bc Ecor leor
V/decade mV nA/cm?
cpTi-P 0.09 £+ 0.01 —451.7 4+ 26.4 71+£03
cpTi-T 0.10 £+ 0.01 —3745 4+ 85 472 £ 83
SS-P 0.09 £ 0.01 —544.6 4+ 98.5 296 £55
SS-T 0.08 £+ 0.01 —447.7 4 88.6 31.1 +18.0
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reconstructive surgery; one of the reasons is the high corrosion resis-
tance provided by the TiOy native oxide layer that forms spontaneously
on the surface when exposed to air and solutions [62]. Moreover, stud-
ies from extracted implants have shown the growth of a thicker TiO,
layer in the in vivo conditions [14,65]; the oxidation of the Ti surface
is larger than the observed values for in vitro experiments even when
complex biological electrolytes were used [61,66]. A plausible explana-
tion for the increase oxidation rate was given as a consequence of the
chemical environment to which the implant is exposed after the sur-
gery, where usually an inflammatory response is triggered. When bio-
materials are implanted a series of events occurs as described in many
review papers [67-69]. The surgical wounding is enough to activate
the immune system, which comprises cells and mechanisms to defend
the host from infection by other organisms or damage to tissue integrity
[70-72]. Inflammation is one of the first responses of the immune sys-
tem, it serves to both avoid infections and start wound healing. Mole-
cules produced during inflammation attract the cell response
attracting phagocytes, especially neutrophils and macrophages.

Neutrophils characterize the acute inflammatory response, which
for biomaterials is usually resolved in one week [67]. During this
stage, reactive oxygen intermediates (ROIs) are produced to kill mi-
crobes in a series of reactions initiated by enzyme complexes, such as
NADPH (nicotinamide adenine dinucleotide phosphate) which can cre-
ate superoxide (O,*~) from molecular oxygen [70]. The superoxide
functions as a substrate for the generation of hydrogen peroxide,
which can react with the superoxide to form also hydroxyl radicals fol-
lowing the next reactions [70]

20, + NADPH — 20,2~ + NADPH + H*

2H" + 20, - H,0, + 0,

02'7 + HzOz — OHe + OH™ + 02.

Since the effect of the biomaterials cannot be controlled by this
method, i.e. as a normal infection by microorganisms, the chronic in-
flammation process proceed. Chronic inflammation is identified by the
presence of macrophages at the implant site. Macrophages experience
what is known as “frustrated phagocytosis” since they cannot engulf
the intruder [73]. They fuse to form foreign body giant cells covering
the surface of the implant and creating a local micro-environment.
Within this area, a myriad of degradation mediators are released, so
again the surface of the biomaterial is exposed to low pH, ROIs, degrada-
tive enzymes and acids [67]. The final outcome is dictated by the size
and chemistry of the biomaterial and its response to the degradation
mediators. Material sizes smaller than 10 pm in diameter (size of a sin-
gle macrophage) or biodegradable materials may be phagocytized by
macrophages, resolving the inflammation process [67,73]. For bulk or
no degradable materials, such as metallic implants, macrophages will
fuse into foreign body giant cells and remain on the surface of the im-
planted material for the lifetime of the implant [67,73]. This is not nec-
essary a negative outcome, since the ideal consequence of inflammation
is wound healing and therefore macrophages also play an important
role in angiogenesis [74]; growth of new blood vessels, which is critical
for the integration of the implant to the surrounding tissue. However,
the chemical changes induced on the surface of the biomaterial by the
long-term oxidation process induced by the foreign body reaction de-
scribed above should not be detrimental of the biomaterial's properties
and stability.

In the results from this work, we see no direct evidence (not sepa-
rate time constants are observed in the impedance spectra) of the for-
mation of a double compact-porous oxidized titanium layer, as seen in
the previous studies by Pan et al. [7,16] and Tengvall al. [8,17] The im-
pedance spectra obtained after the H,0, treatment did not require the
addition of a third (R,Q) circuit to take into account the presence of
the porous layer. This could be a consequence of the washing and drying

process to which the samples were exposed after the 7-days of immer-
sion or simply that the concentration and time was not large enough to
induce stronger changes on the surface. However, our results indicated
a single titanium oxide surface, thicker and more porous and defective
than the initial native oxide; i.e., the corrosion resistance of the cpTi
was reduced as a consequence of the interaction with the H,0, rich so-
lution in agreement with Pan et al. [7] and Tengvall et al. [17]. The in-
crease in the thickness of the TiO, layer was inferred from both the
XPS data and the decrease in the capacitance of the (Rpo,Qc) circuit.
XPS showed that after the treatment, the Ti (IV) was the unique oxida-
tion state detected for Ti. On the other hand, it is well-known that the
capacitance is inversely proportional to the thickness of the layer (capaci

tance = “;A ;¢ is the film dielectric constant, &, is the vacuum permit-
tivity, A is the area and t is the thickness) and the Q. value is proportion-
al to the equivalent capacitance, so the decrease in the Q value
suggested that the surface outer layer was thicker after the treatment.
Since the exponent values of the CPEs were different to 1, suggesting
that the formed film is not homogeneous in properties, it is not accurate
to estimate the capacitance [59] and in consequence we could not esti-
mate the thickness of the modified TiO, layer.

Concerning to the stainless steel surface, the results clearly indicated
that in comparison to the cpTi, the surface of the SS was less modified by
the interaction with H,0,; surface roughness and electrochemical re-
sponse were very similar. Meanwhile, the surface composition (XPS)
showed that a complete oxidation of the SS surface was obtained after
the immersion in the H,0, rich solution and some variations in the sur-
face energy components were also observed. The apparent inertness of
the SS sample, which might seem to be a good indicator of the stability
of the surface when exposed to the physiological inflammatory condi-
tions, might be indeed a detrimental factor for its biocompatibility
[75]. The cpTi surface suffered from a dissolution/oxidation process
that allows its integration with the surrounding media and as shown
by other authors [7,9,13,17], such process leads to higher corrosion re-
sistance in the long time. However, the SS does not adapt with the sur-
rounding media, it retained basically the same properties. Moreover, the
few changes are not favorable; the pzc value moved a little bit away
from the neutral pH, meaning that at pH = 7, the SS surface will have
a slightly higher positive charge on the surface after the treatment, in-
versely to cpTi, where the pzc moves closer to the neutral pH after the
treatment. The higher charge on the surface of SS will increase the elec-
trostatic interaction with macromolecules (proteins) increasing the
possibility of conformational damage during adsorption, which will
eventually affect the cellular adhesion [76].

A significant different answer between SS and cpTi was observed for
the surface energies; after the treatment, the dispersive component in-
creased for cpTi, while it decreased for SS and inversely, the polar com-
ponent decreased for cpTi and increased for SS. The effect of the
dispersive component on the cell-surface interactions has not been
deeply studied, however, Ponsonnet et al. [42] and references therein,
have shown that fibroblast adhesion and proliferation is improved on
surfaces with lower values of the fractional polarity (FP), i.e. lower
values of the polar components. The fractional polarity is defined as
Yp / (¥p + Ya) and according to our calculations; the FP is reduced for
the cpTi from 0.15 to 0.10, while for the SS increased from 0.12 to
0.19. Such an increment in combination with the larger positive charge
on the surface might induce a detrimental response for the surface-
biomolecule interactions.

Finally, the observation of the lower pzc of the cpTi (negatively
charged surface at normal pH = 7.4) in comparison to the SS (positively
charge), might help us to explain the major incorporation of Ca?* ions
on cpTi in comparison to SS, as has been shown by different authors
for in-vivo and in-vitro experiments [77,78]. The electrostatic interac-
tion between the cpTi-negatively charged surface and the positive
ions leads to adsorption of Ca> ™ ions which later make possible the sub-
sequent adsorption of HPOZ ~ ions and the formation of a surface region
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of calcium phosphate, which has been suggested to explain the
osseointegration of titanium [77,79].

In summary, the exposure to 50 mM H,0, solutions by 7 days in-
duced stronger changes on the cpTi surface properties (roughness
values, water contact angles, surface energy, point of zero charge and
the impedance response) in comparison to the SS surface.

5. Conclusions

As a general conclusion, we observed that the simulated inflamma-
tion conditions lead to significant modifications in the surface proper-
ties of titanium and stainless steel substrates, such as the composition,
roughness, surface energy and point of zero charge, although all the var-
iations were larger on the Ti surfaces. The analysis of the electrochemi-
cal response indicated that the corrosion resistance of the Ti surface was
decreased as a consequence of the interaction with the H,0, rich solu-
tion, while not significant changes were observed for the SS. The higher
dissolution/oxidation of the Ti surface induced the formation of a
thicker surface oxide layer, which according to the impedance analysis
showed a large porosity. The point of zero charge for the cpTi changes
from 6.2 to 6.8, i.e. it became closer to neutral pH after the treatment
and so, the amount of surface charge at this condition is reduced; lead-
ing to smaller electrostatic forces that could affect protein adsorption
and conformation for in vivo response. The other significant variation
after the H,0, treatment, with consequence for the biological interac-
tions of the material, was the decrease in the polar component of the
surface energy for the cpTi, which has been associated to a better cellu-
lar adhesion and proliferation. Contrary, for the SS both the polar com-
ponent and the pzc increased, indicating that at neutral pH, SS will be
more positively charged. Therefore, the changes induced in the cpTi sur-
faces favored positively its biological response, contrary to the SS. The
results from this work contributed to explain the better biological re-
sponse of titanium surfaces when exposed to simulated inflammatory
conditions in comparison to stainless steel.
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