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The paper concerns a choice in the biofunctionalization of the coatings produced by plasma electrolytic oxi-
dation: either with inorganic components by introducing Ca-, P- containing compounds into the coating (pri-
marily hydroxyapatite), or with integrin-active organic components (primarily RGD peptides). The following
coatings were analyzed: E1 - titania PEO coating, E2 - titania and Ca-, P containing PEO coating, E1 + RGD -
titania PEO coating modified with integrin-active RGD (arginine-glycine-aspartic acid) tripeptide sequence an-
chored to the surface with a bisphosphonate linker. In terms of wear resistance, electrochemical corrosion be-

havior, and interaction with osteoblast-like cells, coating E1 + RGD seems to be the most promising for the

titanium implants.

1. Introduction

Titanium is widely used in traumatology and orthopedics as a ma-
terial suitable for permanent implants; Ti is a bioinert, non-magnetic,
and non-toxic material that exhibits high biocompatibility, high cor-
rosion resistance, low thermal conductivity, small linear expansion
coefficient, and relatively low specific weight [1]. Under a long-term
exposure, titanium implant releases metal ions which penetrate sur-
rounding tissue in the corrosive environment of a human body, espe-
cially under the influence of mechanical loads; protective coatings can
reduce this effect [2]. Recently, plasma electrolytic oxidation (PEO),
alternatively called microarc oxidation (MAO), has attracted great in-
terest because of its advantages compared to other methods [3-5]. PEO
coatings contain stable oxides (rutile and anatase) and have good ad-
hesion to the substrate [6]. The PEO coatings on Ti can be obtained
with a different ratio of rutile and anatase, e.g. by variation of the
current density and treatment time; it is generally acknowledged that
anatase contributes more to the titania coating bio-compatibility, and
rutile + anatase coatings with the anatase content higher than 50%
appear to be the most promising [7-10]. The pore size of the PEO-
coating ranges from 0.1 to 10 um; high surface area of the PEO coating
promotes osteoblast attachment on the implant surface [11]. The mesh
of pores which are developed in the coating due to the action of the
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microdischarges forms a fractal structure, with pores enlarging to the
surface [12]; such morphology provides a gradual change of mechan-
ical properties from the implant metal to the bone; this increases bio-
mechanical compatibility as well.

Two biofunctionalization trends are clearly seen in the current re-
search into the PEO coatings: this is a modification with either in-
organic or organic components [13,14]. For both approaches, the PEO
technology appears to be suitable, (i) by incorporation of the inorganic
electrolyte components and their transformation in the microdischarge
plasma [15], and/or (ii) by the introduction of the organic substances
into the titania coating pores [16].

Within the first approach, it was shown that inorganic components
containing calcium and phosphorus improve the biocompatibility of the
oxide coatings compared to bare Ti substrate [17-19]. It was shown
that by immersion of the Ca-, P- containing PEO coatings into the si-
mulated body fluid (SBF), the hydroxyapatite (HA), which is the main
crystalline component of a human bone, is formed [9,20]. This effect
can be enhanced by further post-processing, e.g. by hydrothermal or
chemical treatments [21,22]. Varying the electric regimes of the PEO
helps to incorporate the anions and cations of the electrolyte into the
coating; this generates in situ Ca-, P- containing bioactive crystalline
phases within the coating: hydroxyapatite, tricalcium phosphate, per-
ovskite [23,24]. Using duplex methods of PEO coupled with
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electrophoretic deposition (EPD) helps to incorporate hydroxyapatite,
silver, and other nanoparticles into the coating [25-28]. The current
trend includes also introduction of various functional elements into the
HA-PEO coatings to improve their biocompatibility: Ag, F, and Y for
antimicrobial activity [4,29-31], Zn, Si and Mg for triggering the HA
formation [13,32]. However, despite the great number of published
papers that investigate HA containing PEO coatings, there is no answer,
to the current knowledge of the authors, whether or not Ca-, P- con-
taining PEO coating provides better cell response compared to titania
only PEO coating. Many authors acknowledge the benefits of the PEO
coating over the Ti substrate, but among the various compared in-
organic PEO coatings, no significant differences in the cell response
have been reported [3,14,33].

Within the second approach, organic modifiers for the PEO coatings
include polytetrafluoroethylene [34,35], polyethylene glycol [36], oli-
gopeptides [37,38] and proteins [39], polysaccharides [16,40,41], an-
timicrobial peptides [42] and antibiotics [14,43]. For the deposition of
the organic top-coat, complex plasma polymerization and UV-grafting
equipment can be required [16]. One of the important options in this
approach is the application of the motifs of extracellular matrix pro-
teins, for example, RGD (arginine-glycine-aspartic acid); this tripeptide
fragment promotes signaling with the cells and results in their attach-
ment on the surface [44]. Unlike other mentioned above organic sub-
stances, RGD has a small acting concentration in the order of 10~ %...
103 M [37,38,45,46]; therefore, the formed organic monolayer cannot
be directly detected by SEM and EDS, and reliable indicators of the
successful RGD modification of the porous PEO coating must be ela-
borated, and appropriate methods must be formulated. As shown earlier
in our research, the introduction of the RGD tripeptide via an appro-
priate linker onto the PEO coating increases the cell proliferation on the
examples of fibroblasts, mesenchymal stem cells and osteoblast-like
cells [37,38]. It was shown that the RGD-derivatives, when attached to
the PEO oxide layer, alter the electrochemical properties by increasing
the corrosion currents and shifting the corrosion potential to less noble
values; however, further studies of this effect are required. Moreover,
in-depth XPS characterization is needed to support the mechanism of
the anchoring the RGD derivatives on the PEO surface.

Therefore, it is not clear so far, which approach, Ca-, P- inorganic
modification, or RGD organic modification, appears to be more bene-
ficial for the PEO technology development towards the increase in the
biocompatibility of the Ti implants. Consequently, this work aims at a
comparison of the PEO coatings modified by inorganic Ca-, P- and or-
ganic RGD substances in terms of their mechanical, physicochemical,
electrochemical, and biological properties.

2. Experimental
2.1. PEO and RGD coatings

Commercially pure titanium (Cp-Ti) was used as the substrate ma-
terial for the study. The chemical composition of the Cp-Ti is (wt%): Fe
-0.3,C-0.1,0-0.25, N - 0.03; H - 0.015, Ti — balance. To use a 24-
well culture plate for the in vitro tests, the samples were disk-shaped
with a diameter of 10 mm and a thickness of 0.5 mm, and surface
roughness of Ra < 0.15 pm.

The coating experiments were performed using the automated in-
stallation for plasma electrolytic oxidation described elsewhere [37].
During the PEO, the electrolyte was homogenized with a magnetic
stirrer. The sample holder was made of 1 mm diameter Cp-Ti wire
wrapped around the sample; the holder was also oxidized. Two elec-
trolytes were used to produce titania-only PEO coating labeled as E1,
and Ca-, P- containing titania coating labeled as E2. The PEO process
details are summarized in Table 1.

The RGD-derivative of (3-{[3-(2,5-diox0-2,5-dihydro-1H-pyrrol-1-
ylpropanoyl]amino}-1-hydroxypropane-1,1-diyl)-bis-(phosphonic
acid) (RGDC-BMPS-B8) was synthesized according to the method
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described elsewhere [37,38]. This compound which structure is shown
in Fig. 1 was used as the most effective one, according to the previous
research. In order to produce the RGD-containing titania coating
El + RGD, the samples E1 were put into 10 > M water solution of the
RGD-derivative; after 1 h of the soaking, the samples were dried on the
air.

2.2. Surface characterization

The coating morphology was studied using the Zeiss Gemini-300
scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS) attachment. The phase composition of the surface
layer was characterized by X-ray diffractometer Rigaku Ultima IV in Cu
Ka radiation at 40 kV and 40 mA using 0.02 deg. step scan with 2 s
exposure, from 20 to 80 degrees 20. Further, the XRD spectra were
processed using Philips X'Pert Highscore Plus software; the quantitative
analysis was made with a SemiQuant procedure. The average pore size
and porosity (percentage of surface area occupied by pores) were de-
termined from the SEM images using ImageJ software following ASTM
E112-10. The coating thickness was measured with an eddy current
thickness gauge Defelsko Positector 6000, and also verified with the
coating cross-section images. An optical Taylor Hobson Talysurf CCI
profilometer was used to study the surface topography. The adhesion
strength test was carried out on a Revetest instrument (CSM
Instruments, Switzerland) using a spherical Rockwell C diamond in-
denter with a tip radius of 200 um and an optical microscope as an
attachment for observing the scratch path. Scratch test was carried
under the progressive load (1 —20N) with a loading rate of 9.5 N/min
over a scratch length of 5 mm at a scratch speed of 2.5 mm/min. The
scratch track images provided the critical loads (Lc) corresponding to
the bright appearance of the metallic substrate, indicating the coating
failure. Also, the coefficient of friction was estimated from the de-
pendencies of the frictional force vs. load.

Because of the low work concentration of the RGD containing so-
lution (102 M), the mentioned above methods are unable to detect
whether or not the RGD peptide was linked to the PEO coating.
Therefore, XPS spectra were obtained using a JEOL JPS 9010MX
spectrometer equipped with an (Mg Ka) X-ray source. The pressure in
the analytical chamber during spectral acquisition was less than
7-10~8 Pa. The spectra were collected from 0 to 1100 eV with a pass
energy of 50 eV and 0.5 eV step. JEOL SpecSurf software was used to
determine peak areas, to calculate the elemental compositions from the
peaks, and to fit peaks the high-resolution spectra.

The electrochemical tests were carried out in Ringer's solution at
room temperature using P-5x (Elins, Russia) electrochemical system.
Open circuit potential (OCP) measurements, electrochemical im-
pedance spectroscopy (EIS) from 100 kHz to 1 mHz with the magnitude
of 10 mV around the OCP, and potentiodynamic polarization (PDP)
-350/+350 mV vs. OCP at a rate of 0.25 mV/s were performed. A
silver chloride electrode filled with 3.5 M KCI was used as a reference
electrode. The counter electrode was a platinum rod. The PDP results
were processed using the Tafel method. The polarization resistance R,
was calculated from the slope of the polarization curve at + 10 mV
around the free corrosion potential. The EIS results were analyzed using
ZView software from Scribner Associates [47].

To ensure reproducibility, 3 identical samples were tested, and the
results were averaged.

2.3. In vitro tests

The E1 or E2 coated Ti samples were ultrasonically cleaned for
10 min in 95% ethanol and finally washed with deionized water, dried
on air, and sterilized by autoclaving at 134 °C. This temperature does
not affect the PEO coatings. In order to deposit the organic pore filler,
the samples E1 were put into a Petri dish with 10~ M water solution of
the RGD-derivative, which was preliminarily sterilized by filtration
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Table 1
Sample codes with the corresponding PEO process conditions.
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Sample code Electrolyte composition Positive pulse Negative pulse Frequency (Hz) Temperature (°C) Duration (min.)
Voltage (V) Duty cycle Voltage (V) Duty cycle
(%) (%)
El 20 g/1 NazPO412 H,0O 470 51 40 26 300 20 £ 1 5
E2 20 g/1 NagPO,12 H,O + 25 g/l Ca

(CH5CO0),

AN

- 40pm x500

X500 13 54 SEI

50um
(©

Fig. 2. SEM images of the top view (a, b) and cross-section (c, d) of the PEO coatings E1 (a, c) and E2 (b, d) on Ti.

with CA0.22 pm filter. After 1 h of the soaking, the samples were dried
on the air in a laminar box. Then, all the samples were put into poly-
styrene 24-well tissue culture plate.

Human osteosarcoma cells (MG-63) were obtained from Russian
cellular collection, Institute of Cytology RAS (Russia). The cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma)
containing 10% fetal bovine serum (FBS) (BioWest) and gentamicin

X500 50pm 11 47 SEI

(d)

100 mg per ml, in 25-cm? culture flasks (SPL life Sciences) in a humi-
dified 5 vol% CO, atmosphere at 37 °C. The medium was changed twice
a week. After reaching a monolayer, the cells were detached using
0.25% trypsin solution (PANECO) and counted using automated cell
counter TC20 (BioRad).

The cell suspension was placed into each well of the plate with the
samples (0.8 ml containing 2010 cells). The cells in the wells with E1
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samples were treated as a control. The culture plates were incubated for
7 days in the standard conditions (37 °C, 5 vol% CO,). The culture plate
itself (polystyrene) was used as a blank.

The cell proliferation on the samples was determined by EZ4U assay
(Biomedica), a modification of the MTT test, which evaluates the cell
metabolic activity being proportional to the number of the living cells.
Three samples of each type were transferred after the incubation into
another 24-well plate with 0.8 ml of fresh DMEM medium. Then 80 pl
of activated EZ4U solution was added to every well and incubated at
37 °C, 5 vol% CO, for 3.5 h. Optical absorbance was measured using a
microplate reader (Spark10M, Tecan) at 450 nm with a reference wa-
velength of 620 nm. The optical density was calculated as

(@ — apank) 100%,

(A — apiank) ¢}

where a — absorbance of the test sample at 450 nm minus absorbance at
620 nm;

Optimal density with respect to control (%) =

A — absorbance of the control sample at 450 nm minus absorbance at
620 nm;

Apiank — the absorbance of the blank solution of DMEM with no cells
at 450 nm and 620 nm.

The mean value and the standard deviation for four measurements
of the optical density were calculated with respect to the control. The
data were analyzed using one way ANOVA and Bonferroni's multiple
comparisons test (GraphPad Prism, v.6.01) at a significance level of
p < 0.05.

3. Results and discussion
3.1. Characterization of titania and Ca-, P- containing PEO coatings

Fig. 2 shows the top view and cross-section SEM images of the
samples with the PEO coatings obtained in electrolytes E1 and E2. The
coating E1 4+ RGD has no morphological differences from E1 because
the work concentration of the RGD water solution is quite low. The SEM
images obtained for the E1 + RGD coatings appear the same as in
Fig. 2a. Parameters in Table 2 describe the morphology of the coatings,
which have a porous structure typical for the PEO; this morphology is a
result of the microdischarge action that melts the titania which then
resolidifies due to the surrounding electrolyte cooling effect. The un-
ique morphology of the PEO coating with a well-developed network of
pores is similar to the surface of the human bone; these coatings can be
considered as biomimetic [48].

As follows from Fig. 2 and Table 2, morphological features of the
coatings are different for samples E1 and E2. A comparison of the cross-
sections shows that the E2 coating is thicker; both the surface open
porosity and the inner layer porosity is higher for the E2 coating. The
introduction of calcium acetate into the electrolyte significantly
changes the morphology of the E2 coating. Its thickness, roughness, and
porosity increased, and the average pore size decreased. The higher
roughness of E2 coating increases the surface area available for the cell
attachment.

As follows from the EDS analysis, the E1 coating contains Ti and O,
and also a small amount of the electrolyte species — Na and P (Table 3).
The E2 coating also features significant amounts of Ca and P. As follows
from the EDS mapping (Fig. 3), the titanium mainly appears in the pore

Table 2
Surface properties of PEO treated samples E1 and E2.
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sites, probably, this is the effect of the substrate. Ca-, P- compounds
appear around the pores. This suggests that they are incorporated into
the coating structure as micro-particles seen in Fig. 2b at higher mag-
nification.

The X-ray diffractometry method showed that the phase composi-
tion of the coatings substantially depends on the components of the
electrolyte. Both E1 and E2 coatings contain rutile and anatase phases
(Fig. 4). The combination of these compounds has a positive effect on
the survival rate of living cells [3]. In E1 coating, anatase makes up a
larger proportion (Table 4), which favorably affects biocompatibility
[49]. For E2 coating, titania constitutes about 13% of the crystalline
phase, and the rutile content is higher than that of the anatase. This can
be explained by the fact that the coating E2 is much thicker than E1.
The formation of the rutile, which is a higher temperature phase, re-
quires more energy than the formation of the anatase. When the coating
is thin, the PEO microdischarges are small, and they have relatively low
power; as a result, anatase is predominantly formed under such con-
ditions. During the breakdown of a thicker coating, the powerful mi-
crodischarges contribute to the formation of the rutile. In addition to
the rutile and anatase, the E2 coating contains bioactive substances of
perovskite CaTiOs, hydroxyapatite Ca;o(PO4)¢(OH),. Also, the X-ray
diffractogram exhibits a wide peak of the amorphous calcium phos-
phates in the range of 20 from 25° to 45°, and amorphous calcium
phosphates make up a significant proportion of the coating which is
consistent with the literature [19,37].

Analysis of the mechanical performance of the coatings assessed by
the scratch test showed that E1 coating has better adhesion strength
compared to E2 coating. As follows from Fig. 5, the destruction of E1
coating occurs at critical load Lc = 11.1 = 0.9 N when the continuous
bright appearance of the titanium substrate can be seen; the Lc for the
E2 coating is 8.6 *= 0.7 N. This result is consistent with the data
presented elsewhere [50]. For E1 coating the frictional force randomly
deviates from the growing trend line with the same variance for the
coating and the substrate. However, for E2 coating the deviation is
smaller at lower loads suggesting that the Ca-, P- phases being softer
than rutile and anatase [51], provide some lubrication; therefore, the
coefficient of friction is smaller for this coating (Table 2). This area on
the load curve also appears at the loads larger than Lc because the
partly damaged coating still offers the lubrication and support for the
spherical indenter tip. Therefore, the thinner and harder E1 coating has
a lower likelihood of chipping under bending and twisting loads during
the implantation; moreover, the porous morphology will likely be less
likely destroyed for E1 coating, as it does not provide the lubrication
due to the damage of the calcium phosphates.

3.2. XPS investigation of the PEO-inorganic and PEO-organic coatings

Fig. 6 shows the XPS survey spectra of the samples under in-
vestigation. The spectra parameters are presented in Table 5, and the
peak deconvolutions are shown in the Supplementary material. The
sensitivity of this method allowed us to determine both inorganic and
organic components in the coating. The spectra contain the peaks of
Cls, Ti2p, Ols, P2p, Ca2p, and Nls. Cls hydrocarbon maximum
(284.8 eV) appears due to the adsorption of ubiquitous species from the
air and electrolyte. Sample E1 provides the spectra typical to PEO-
modified Ti [15]. Deconvolution of the Ti2p spectra with Voigt func-
tions uncovers the peaks at 264.5 and 458.46 eV, attributed to 2p;,»
and 2ps,» components of Ti** in Ti- O bonds of TiO, layer [52], as

Sample code h (um) Rz (um) Ra (um) Porosity (%) Average pore size (um)  Critical load, N Coefficient of friction (coating vs. Rockwell diamond tip)
El 186 + 48 148 + 27 21 = 04 6.8 + 0.4 0.82 + 0.17 11.1 += 0.9 0.20 + 0.1
E2 232 * 52 193 = 23 31 += 05 145 * 04 077 *= 0.16 8.6 + 0.7 0.17 = 0.1
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Table 3
The elemental composition of samples E1 and E2 obtained by EDS.
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Sample code Elements (wt%)
Ti o P Na Ca C
El 46.63 *= 5.63 45.80 = 3.93 572 * 1.26 1.83 * 0.56 - -
E2 154 = 278 42.00 = 1.90 10.4 = 0.87 1.11 = 0.24 27.98 = 5.73 3.08 = 0.83

shown in Fig. S.1. The presence of additional peaks at 462.8 and 456.3
indicates the possible formation of TiO; admixture in the coating
[53-55]. However, a crystalline form of this compound has not been
found by XRD. The spectrum of Ols exhibits three components at
530.6 eV, 531.8 eV and 532.2 eV, related to Ti—O, Ti-OH groups and
adsorbed H,0, correspondingly [56-58]. The XPS N1s peak at 396.7 eV
is indicative of a typical atmospheric contamination.

The inorganic Ca—P additive in E2 coating significantly changes the
spectral response (Fig. 6). The intensity of titanium Ti2p peak is very
small, whereas the peaks of calcium (Cals, Ca2s, and Ca2p) and
phosphorus (P2p) are noticeably higher compared to the sample E1.
Two peaks of Ca2p with binding energies of 347.4 eV for Ca2p3,» and
350.9 eV for Ca2p;,», as follows from Fig. S.2, correspond to the pre-
sence of Ca3(PO,4), and Ca;g(PO4)s(OH), in the coating [58-61]. The
P2p spectrum is a doublet with 2p;,» and 2p3,» components with
binding energies of 133.5 and 134.4 eV (Fig. S.2); this indicates the
appearance of the phosphates in the coating [58,61-63]. Therefore, the
coating outer layer consists mainly of calcium phosphate compounds
(HA, perovskite) that interrupt the supply of titanium for the produc-
tion of titanium oxide during the growth of the coating [64]. With the
increase of the coating thickness, the population of the plasma micro-
discharges becomes sparse, and the electrochemical and electrophoretic
processes begin to prevail on the surface of the oxide layer [65].

After the RGD modification, the most notable differences between
El and E1 + RGD samples can be seen in Cls, Ols, P2p, N1s, and S2p
spectral lines. For the E1 + RGD sample, the Cls signal appears to be
substantially increased and asymmetrically broadened. The presence of
a dominant ether/amine peak (285.9 eV, C-NH,, C—0), amide N-C=0,
and C=0 (288.6 eV) groups [66,67] indicate the formation of the RGD
layer. N1s signal decreases in magnitude and shifts to 400.4 eV due to
the RGD appearance on the surface. This signal could be attributed to
amine and amide species [66,68]. These results show that the organic
components penetrate the PEO coating and remain in its pores.

The O1ls line of the E1 + RGD sample can be deconvoluted with
three functions. The signal at 530.6 eV is attributed to the Ti—O bond in

the initial TiO,, whereas the increase in the component intensity at
531.8 eV may be due to the appearance of Ti-O-P and P=O groups
[57,69,70]. The component at 533.1 eV could be ascribed to P-OH sites
[71-73]. The ratio of the peak intensities at 531.8 eV and 533.1 eV is
2.8, which is consistent with the covalent bonding of the phosphonic
acids to the oxidized metal surface by a transformation of the end P-OH
groups to P-O-M sites. The binding of one P—O group to the oxide layer
should lead to the signal intensities ratio (531.8 eV/533.1 eV) as 2:1.
The larger value obtained in our case implies that some phosphonate
fragments have two P-O-M interactions and no free P-OH groups. This
type of anchoring could be the reason for the relative stability of self-
assembled monolayers [74]. This is also consistent with the tendency of
phosphonates to bidentate coordination to the TiO, surface [75].
Moreover, bisphosphonates are tended to form multilayers that resist
desorption even in the presence of phosphate ions and determine the
organic coating stability on the TiO, surface [76]. Such coating orga-
nization predetermines both bidentate and monodentate binding when
the part of P-OH groups remain unbound, as follows from the Ols
spectra. The multilayer organization of the bisphosphonates is sup-
ported by the P2p spectrum. With the appearance of RGD-modified
bisphosphonate molecules in the E1 sample, signal growth is observed.
This signal is the sum of two major doublets with the main peaks 2ps,,
at 132.7 and 133.9 eV, as well as the two minor components at 135.4
and 136.2, which can correspond to different variants of bispho-
sphonate group coordination to the TiO, coating [70,73].

3.3. Electrochemical behavior of the PEO-inorganic and PEO-organic
coatings

Fig. 7 shows potentiodynamic polarization curves for samples E1,
E2, E1 + RGD, and an uncoated sample. The corrosion parameters are
presented in Table 6. As can be seen from the E.,,, values, PEO treat-
ment in electrolytes E1, E2 leads to the surface passivation because
higher E.,, is observed. The introduction of the RGD organic com-
pound depassivates the surface and shifts E.,,, down, but higher the

(a)

(b)

Fig. 3. EDX mapping of the elements constituting the PEO coatings E1 (a) and E2 (b) on Ti; the legends show the color and the percentage of the pixels associated
with the detected elements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



E. Parfenov, et al.

Surface & Coatings Technology 404 (2020) 126486

— Ti

— A
g | —h F £z f w5 iz %
5 | < <. “oa oaox gE
g | o< e €| @
S
>
@ <= o < i
é E1 * L ¥ Faty < SE <%

Tl \H H Ol e b
20 30 40 50 60 70 80
2 0 (deg)

Fig. 4. X-ray diffractograms of the PEO coatings E1 and E2 on Ti (abbreviations and PDF reference codes: Ti - titanium substrate (00-044-1294), A — anatase (01-084-
1286), R - rutile (01-072-1148), P — perovskite CaTiO3 (01-081-0562), HA — hydroxyapatite Ca;o(PO4)s(OH),) (01-086-0740).

Table 4
XRD semi-quantitative estimation of the crystalline phase content of the PEO
coatings E1 and E2.

Sample code Rutile Anatase Perovskite Hydroxyapatite
El 25.8 + 3.2 742 = 41 - -
E2 10.2 = 1.3 3.5 = 0.6 225 * 2.6 63.8 = 4.6

value for the substrate. Also, the PEO coating reduces the corrosion
current i by an order of magnitude compared to the uncoated
sample; the i, values for samples E1 and E2 differ slightly, within the
experimental tolerance interval. The introduction of the RGD increases
the icorr up to the value of the Ti substrate. This current increase can be
due to the action of the RGD compounds which adsorb in the pores of
the coating down to the substrate; as a result, the surface of the coating
becomes more active and more conductive. Nevertheless, the

introduction of the RGD peptides should not promote excessive corro-
sion damage to the coating, because the E.,,, for E1 + RGD coating is
still nobler than that of the substrate, and its corrosion current values
appear within the tolerance interval with those of the titanium sub-
strate that is generally considered as corrosion resistant. The polariza-
tion resistance R, data are in good agreement with the values of the
corrosion current. The samples E1 and E2 have the highest polarization
resistance. The R, value of E1 + RGD sample is an order of magnitude
less than that of E1 and E2. The uncoated sample has the lowest po-
larization resistance.

The electrochemical impedance spectra are shown in Fig. 8 as
complex and Bode plots; they have significant differences among the
samples. The uncoated Ti sample has a thin natural oxide layer. Its
impedance spectrum shows one time constant; therefore, it can be ap-
proximated with a Randles CPE containing equivalent circuit which
describes typical for a defect-free thin film one-step corrosion reaction
without diffusion (Fig. 9a). The complex plots of E1 and E2 spectra
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Fig. 5. Frictional force vs. load and wear tracks of the scratch tests of E1 (a) and E2 (b) PEO coatings on titanium; the critical loads (Lc) corresponding to the bright
appearance of the metallic substrate due to the coating failure are shown with lines.
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Fig. 6. XPS survey spectra of the PEO coatings E1, E1 + RGD and E2.

Table 5
XPS analysis of the PEO coatings E1, E2 and E1 + RGD.

Sample code  XPS atomic composition (at.%)

Nls P2p Cls Ols Ti2p S2p Ca2s Ca2p

El 13.79 1.59 3.39 6412 16.22 0.00 0.00 0.90
E2 2,60 391 1.56 54.38 0.78 0.00 7.78  29.00
El + RGD 275 416 13.74 7371 5,53 0.11 0.00 0.00

show a linear increase in the impedance at the lowest frequencies; this
indicates a presence of the Warburg impedance, which reflects the
diffusion processes occurring in the pores of the coatings. The spectra
also show one time constant at higher frequencies; therefore, they can
be approximated with a Randles circuit for a system with diffusion
(Fig. 9b). The complex plot for the E1 + RGD sample contains two time

constants; this indicates the presence of two layers in the coating. This
spectrum was approximated with a ladder circuit (Fig. 9¢). The differ-
ence between the E1 and E1 + RGD electrochemical impedance spectra
confirms the presence of the organic RGD compound in the PEO
coating. This difference appears at the lowest frequencies, therefore, in
the thinnest part of the coating — barrier layer; the diffusion-controlled
process described by Wol for the titania PEO coating E1 is transformed
into a kinetically controlled process described by R3-CPE2. This effect
reduces the low-frequency impedance of the coating, and it is consistent
with the polarization resistance estimates.

Table 7 presents the parameter values for the equivalent circuits.
The electrolyte resistance was estimated as R1 = 41.1 * 14.0 Q cm?
for all the samples. In the Randles circuits (Fig. 9a, b), R2 is the charge
transfer resistance. The uncoated sample has the highest value of R2
since the natural oxide layer has a defect-free structure. The samples
after the PEO have porous coating; consequently, R2 decreases. The
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Fig. 7. Polarization curves for the corrosion tests of Ti substrate and the PEO coatings E1, E1 + RGD and E2 in Ringer's solution.
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Table 6
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Corrosion properties of the PEO coatings E1, E2 and E1 + RGD in Ringer's solution.

Sample code Ti El

E2 El + RGD

—0.395 + 0.05
1.571077 = 0.810°%
8.0810* + 0.410*

Ecorr (V vs. Ag/AgCl)
icorr (Accm™?)
Rp (@ -cm?)

0.1024 + 0.005
9.45107° + 0.8107°
1.5410° + 0.7:10°

0.0331 + 0.029
7.67107° + 1.210°°
1.7910° + 2.3210°

—-0.218 + 0,001
2161077 + 1.121077
1.7310° + 0,810*

CPE-Q parameter of the constant phase elements in all the equivalent
circuits can be considered as an estimate of the distributed capacitance
of the double layer which reciprocal is correlated with the coating
thickness h~ﬁ. A substantial CPE1-Q value indicates a thin oxide
layer in the uncoated sample. For E1 and E2 samples, the CPE1-Q value
is an order of magnitude lower; the values of CPE1-Q for samples E1
and E1 + RGD are approximately the same since the coating thick-
nesses have small variation for the PEO technology. The coating
thickness of the E2 sample is twice as higher than that of E1; therefore,
the CPE1-Q value for the E2 sample is twice as lower than that of E1.
The CPE-n value shows a degree of the equivalent capacitance “non-
ideality”, with CPE-n = 1 for an ideal capacitor. Therefore, the un-
coated sample has higher CPE-n than E1. Also, E2 has this value closer
to the uncoated sample; therefore, R2 in this case is higher than that for
E1, showing less developed porosity in the coating, because of Ca-, P-
species incorporation as micro-particles. The Warburg impedance
parameters Wo-R (equivalent resistance) and the Wo-T (time constant),
describing the diffusion, differ for samples E1 and E2. The porosity of
El coating is approximately two times lower compared to E2 coating;
this leads to the difficulties in the diffusion processes and results in
larger values of the Wo-R and Wo-T parameters. For the E1 + RGD
sample, the elements R2 and CPE1 in the ladder circuit (Fig. 9¢) cor-
respond to the equivalent resistance and capacitance of the PEO
coating, and the pair R3 — CPE2 describes the charge transfer through
the coating inner barrier layer; R3 is the charge transfer resistance, and
CPE2 the “non-ideal” capacitance of the double layer. Since the inner
barrier layer is more compact than the outer PEO coating layer, its
resistance R3 is significantly larger than R2. Moreover, the higher value
of CPE2-Q compared to CPE1-Q (having almost the same CPE-n) shows
that this assignment of the equivalent circuit elements is correct.
Therefore, the results of PDP and EIS tests demonstrate that the
introduction of the organic RGD layer over an inorganic porous PEO
coating depassivates the surface and change the dominant process
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Fig. 9. Equivalent circuits employed for the EIS results fitting: (a) Ti substrate;
(b) coatings E1 and E2; (c) coating E1 + RGD.

governing the charge transfer in the barrier layer during the corrosion
in Ringer's solution, from diffusion to kinetic control.

3.4. In vitro performance of the PEO coatings biofunctionalized with
inorganic and organic compounds

Fig. 10 presents the results of in vitro tests. There is a decrease in
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Fig. 8. Electrochemical impedance spectra of Ti substrate and the PEO coatings E1, E1 + RGD and E2 behavior in Ringer's solution.
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Table 7

Results of the electrochemical impedance spectra fitting for the PEO coatings E1, E2 and E1 + RGD tested in Ringer's solution.

CPE2-n

CPE2-Q (uF™-cm™?)

Wo-P

Wo-T (s)

Rz (Q cm?) CPE1-Q (uF"-cm™?) CPE1-n Wo-R (Q cm?)

R, (Q cm?)

Sample code

0.77 + 0.001
0.66

0.78
0.64

6.20107° + 1.391077
4.6310°° + 1.471077
2.14107° + 3.291078
5.04107° + 2.101077

2.3710° + 3355

4357

Ti

+ 0.002
0.001

0.41
0.38

+ 0.02
0.01

0.53
0.12

26,579 = 554

0.003
0.002
0.004

=+

201

+

El

+

+

21,453 = 1597

=+

12,566 * 557

2361

E2

+ 0.006

0.66

8.0710°° + 7.211077

+

+ 2037

64791

37

+

E1l + RGD
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Fig. 10. Optical density for the cell proliferation from the EZ4U in vitro test
using MG63 osteoblast line for the PEO coatings E1, E2 and E1 + RGD.
Asterisks show the significant differences (p < 0.05).

proliferation of osteoblast-like MG-63 cells by about 15% over seven
days on the surface of sample E2 compared to sample E1. The presence
of HA did not have the expected beneficial effect on cell growth. One of
the reasons may be in the surface morphology. A larger average pore
size of the E1 coating may be more favorable than that of E2. Also, a
decrease in the proportion of the anatase compared to the rutile could
have a negative effect. The E1 + RGD sample based on p-alanine bi-
sphosphonate with a short BMPS linker shows the best adhesion of the
osteoblast-like cells. The bioactivity of the E1 + RGD sample is 37%
higher compared to E1. The tests show that the modification of the PEO
coating with inorganic components does not increase the surface bio-
compatibility. The application of the organic layer over the PEO coating
significantly increases cell proliferation; this makes the proposed
combination the most promising way to increase the biological activity
of the surface of titanium implants.

4. Conclusions

This study has compared inorganic and organic ways to improve the
bioactivity of the oxide ceramic PEO coating on titanium implants. It
was shown that titania coating E1 predominantly consisting of anatase
can be formed on Cp-Ti via pulsed bipolar PEO process in sodium
phosphate electrolyte. Calcium-phosphate coating E2 can be formed in
the same PEO regime in the electrolyte additionally containing calcium
acetate; this coating contains not only titania but also hydroxyapatite
and perovskite. Compared to E1, the E2 coating is thicker, it has a lower
average pore size, but higher porosity and surface roughness. Also, E2
coating has lower adhesion strength and smaller coefficient of friction
due to the presence of perovskite and hydroxyapatite which are softer
than the rutile and anatase. The coating E1 modified with the RGD-
tripeptide via a phosphonate linker shows different behavior in the XPS
and EIS tests justifying the presence of the organic pore filler introduced
at low acting concentrations (1073 M). As follows from the EIS, the
presence of the RGD peptide changes the PEO coating corrosion me-
chanism from diffusion-controlled to kinetic controlled. The coating
E1l + RGD exhibits a 37% increase in the MG-63 cell proliferation
compared to E1, whereas coating E2 shows a 15% decrease in their
proliferation. Therefore, the organic trend of the PEO coating mod-
ifications seems to be preferable in the improvement of the bio-
compatibility of the future titanium implants.
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