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Abstract: A novel approach to surface modification was developed to improve the corrosion per-
formance of biodegradable magnesium alloys. Additively manufactured magnesium samples and
Mg-Mn-based magnesium alloys were used in this study. This method involves the combination
of plasma electrolytic oxidation to create a porous ceramic-like matrix, followed by treatment with
protective biocompatible agents. The most efficient method for the PEO-layer impregnation using
sodium oleate and polycaprolactone was selected and optimized. The correlation between the struc-
ture, composition, and protective properties of the hybrid coatings was established. The composition
of the formed polymer-containing layers was established using XPS and Raman microspectroscopy.
The presence of sodium oleate and its distribution across the coating surface was confirmed at the
microscale. The corrosion-protection level of the hybrid layers was assessed using potentiodynamic
polarization measurements, electrochemical impedance spectroscopy, hydrogen evolution testing,
and gravimetry (mass-loss tests) in vitro. The oleate-containing polycaprolactone layers (HC-SO
0.1-2) demonstrated stable corrosion behavior even after 7 days of immersion in Hank’s balanced
salt solution. The corrosion-current density and impedance modulus measured at a frequency of
0.1 Hz for the samples with hybrid coating after 7 days of exposure were equal to 5.68 x 1078 A-cm ™2
and 2.03 x 10° Q-cm?, respectively. The developed method of surface modification demonstrates the
coating’s self-healing properties. The effectiveness of employing hybrid anticorrosive bioactive PEO
coatings for biomedical products made from magnesium and its alloys was demonstrated.

Keywords: magnesium; magnesium alloys; active corrosion protection; corrosion inhibitor; protective
coating; plasma electrolytic oxidation (PEO); sodium oleate; polycaprolactone (PCL)

1. Introduction

There are numerous requirements for the materials and surface treatments used in
biomedicine, particularly for temporary load-bearing devices utilized to fix bone
fractures [1-4]. These requirements include biocompatibility, biodegradability, maintaining
surface integrity during the healing process, and stimulating cell adhesion and prolifera-
tion [5,6]. Magnesium, as an implant material, fulfills the criteria of both biodegradability
and biocompatibility. Its negative standard-electrode potential ensures complete sponta-
neous degradation in chloride-containing media. Additionally, magnesium is one of the
major elements in the human body, meaning it does not exhibit any cellular or tissue toxicity.
Moreover, it is reported that the magnesium coronary scaffold Magmaris™, by Biotronik
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(acquired the CE mark in Europe, approved by FDA in the US and PMDA in Japan [7])
demonstrated greater mechanical properties (e.g., tensile strength and percentage of elonga-
tion at break) compared to scaffolds made of poly-L-lactic acid [8]. However, the potential
use of magnesium as an implant material faces challenges due to its rapid heterogeneous
Attribution (CC BY) license (https:// ~ degradation, resulting in a local pH increase in the surrounding area and the abundant
creativecommons.org/ licenses /by / release of hydrogen [9,10]. A high corrosion rate combined with heterogeneous degradation
40/). can lead to the breakdown of the implanted Mg-based material. Moreover, the release of Hp
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during the corrosion process significantly reduces the cell adhesion, leading to a slowdown
in the healing process and causing implant loosening. The high local alkalization occurring
near the implant may provoke an undesirable reaction in the surrounding tissues. To
mitigate the corrosion rate of Mg, the formation of protective biocompatible coatings can be
employed [4,11-19]. For example, clinical studies of drug-loaded DREAMS 2G Biotronik
coronary Mg scaffolds coated with PLLA demonstrated an increased resorption time
(9 months) compared to items made of commercially pure magnesium (1-3 months [7]) [20].
Nevertheless, in terms of bone fixing, more corrosion-resistant biodegradable materials
are required, conditioning the application of other approaches to the surface treatment
of magnesium-based products. Plasma electrolytic oxidation (PEO) is a commonly used
technology for protection against corrosion in valve metals, including magnesium and its
alloys. It facilitates the formation of heterogeneous highly adhesive ceramic-like surface
layers with diverse compositions and properties [6,15,18,21-23]. Although PEO-layer for-
mation enhances the corrosion resistance of magnesium and its alloys, the heterogeneous
morphology of PEO coatings limits its ability to provide the necessary barrier properties
throughout the entire healing period (14-17 weeks). The presence of deep pores in the
structure of oxide PEO coatings facilitates the penetration of the substrate material by the
corrosive solution. This results in the appearance of pitting and the spread of corrosion
under the protective layer with further degradation of the substrate. Simultaneously, the
pores and microdefects within the PEO coating can be used as microcontainers, retaining
and releasing various compounds impregnated in its structure that improve the protective
properties of the substrate material. The use of biocompatible and resorbable coating com-
ponents reduces the corrosive activity of magnesium and its alloys, as well as providing a
controlled resorption rate and complete adsorption in the body without harmful effects.
Among the compounds suitable for impregnating the porous layers of PEO coatings, many
organic corrosion inhibitors not only exhibit biocompatibility but also facilitate the forma-
tion of simple surface layers with effective corrosion protection [24]. One such corrosion
inhibitor is oleic acid, an omega-9 unsaturated fatty acid present in animal fats and veg-
etable oils. Its sodium salt, sodium oleate (SO, NaOl), is also recognized as a corrosion
inhibitor and demonstrates utility in pharmacology for the development of drug-delivery
systems [25-27]. Additionally, sodium oleate is also utilized as a corrosion inhibitor for
steel, aluminum, and its alloys [28]. For instance, Luo et. al. [29] studied the corrosion
behavior of steel in a Na,SOy (0.24 mol/L) solution, both before and after treatment with
sodium oleate. The findings indicate that the introduction of oleate significantly reduces
the electrochemical activity of steel in the studied electrolyte. Chirkunov et. al. [30], formed
a PEO coating on an AZ31 magnesium alloy and impregnated it with various inhibitors
and their mixtures, including sodium oleate. The inhibitor was inserted into the PEO
coating by immersing the samples in a 16-micromolar aqueous solution of sodium oleate
for 10 min. The presented results demonstrate that the impregnated samples exhibited
a remarkable enhancement in corrosion resistance, as confirmed by electrochemical tests
using potentiodynamic polarization and salt-spray-chamber tests.

In our previous work [6], we demonstrated that the combination of the corrosion
inhibitor benzotriazole and bioresorbable polymer, both incorporated into the PEO layer,
effectively prevents the propagation of corrosion and prevents the further deterioration of
the material.

The current work is a continuation of the abovementioned study, focusing on the
development of new hybrid coatings containing an inhibitor and a polymer to improve the
barrier-anticorrosion properties of bioresorbable magnesium alloys. To provide a prolonged
protection and the controlled release of the inhibitor when the protective layer is damaged
in a corrosive environment, the microcontainers within the PEO coating were sealed by
a biodegradable polymer, polycaprolactone (PCL) [31,32]. Polycaprolactone is an FDA-
approved [33,34] biopolymer material, commonly used in surgery and tissue engineering,
as well as for the design of drug-delivery systems [35-38]. Considering the use of the
material in medical practice, it can be concluded that PCL provides biocompatibility, an
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appropriate rate of biodegradation with non-toxic degradation products, processability,
and accessibility [31,33,39].

It was observed that there were no previous investigations of the combined effect of
sodium oleate and a biodegradable polymer, such as PCL, within the oxide-coating matrix
obtained by PEO. This study is intended to establish a method with which to potentially
improve the protective properties for magnesium and its alloys, which are promising for
implant surgery.

2. Materials and Methods

Metal plates with dimensions of 15 x 20 x 1.5 mm, composed of MA8 Mg alloy
(weight %: Mn—1.3-2.3, Ce—0.15-0.30, Zn—up to 0.3, Si—up to 0.1, Al—up to 0.1, Fe—up
to 0.05, Cu—up to 0.05, Ni—up to 0.007, Be—up to 0.002, Mg—balance) were used for the
experiments. The MAS is a low-alloy Mg-Mn-Ce system that combines high corrosion resis-
tance (compared to commercially pure magnesium), satisfactory mechanical characteristics,
good machinability, and affordability [40]. Previous studies showed that MA8 Mg alloy is a
promising material for implant surgery [18,41-43].

Additionally, investigations were conducted on plates produced through additive
technology using direct laser deposition of MPF-4 Mg powder (GOST 6001-79) to form the
sample designated hereinafter as AT-Mg. The process used to form AT-Mg samples was
described in detail in our previous work [6]. The AT-Mg metal plates with dimensions of
20 x 20 x 0.7 mm were formed in a stainless-steel chamber in Ar (99.993%) atmosphere,
ensuring a stable deposition process. Helium was used for Mg-powder supply to the site
of deposition. The deposition was performed in 30 passes at a speed of 5 mm/s using a
laser beam with a 2.5 mm diameter and a power of 250 W.

The surface preparation of samples involved mechanical grinding using a TwinPrep
5x™ grinder/polisher (Allied High Tech Products, Inc., Compton, CA, USA). Samples were
ground using silicone carbide (SiC) papers successively down to P1000 grit (approximately
15 um abrasive size). The final stage of the specimen preparation included washing with
deionized water and drying in the desiccator at 4045 °C.

The formation of the base oxide coating was accomplished using a PC-controlled
plasma electrolytic oxidation (PEO) unit. The specimens were treated in aqueous solution
of 25 g/L Na,5iO3 and 7 g/L NaF, employing a combined bipolar mode in two steps [6].
The first step included a potential increase in the anode component in the range of
30-280 V, as well as potential stabilization of the cathodic component at —40 V. First-
stage duration was 200 s, sweep rate was 1.4 V/s. In the second stage, the potential of
the anode component was reduced to 200 V (0.2 V/s) vs. previous step. The cathode
component was also changed potentiodynamically to —10 V (0.075 V/s). Total oxidation
time was 600 s and the duty cycle was 50%.

During the course of the presented study, composite coatings (CC) were formed on
the base of the porous PEO-layer, which included either sodium oleate or polycaprolactone,
as well as hybrid coatings (HC) that incorporated both the corrosion inhibitor and polymer.
Treatment of the porous part of base PEO layer with sodium oleate was conducted using
aqueous solutions with inhibitor concentration of 0.05 M and 0.1 M. pH of the solutions
was neutralized (7.0-7.3) by acidification with 0.1 M HCL. Impregnation of the PEO
coating was performed by immersing the specimens in the solutions, followed by vacuum
treatment by means of Epovac vacuum-impregnation equipment (5 min) (Struers A/S,
Copenhagen, Denmark) to eliminate air from the pores. Subsequently, the specimens were
immersed in the solutions for 1 h in air under constant stirring to enhance the deposition
of the inhibitor within the porous part of a PEO layer. After impregnation, the inhibitor-
containing samples were gradually extracted from the solution, dried in air, and treated
with the polycaprolactone (6 wt.% in dichloromethane solution) to seal the microcontainers
and prevent premature release of the inhibitor from the pores.

The polymer layer was formed by immersing the inhibitor-loaded PEO sample in
the polymer-containing solution for 5-7 s and then slowly withdrawing it. The polymer
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application was performed twice. As an alternative to the layer-by-layer treatment, hy-
brid coatings were formed by impregnation of the PEO-treated sample with solution of
sodium oleate (concentrations were 0.05 M and 0.1 M) and 6 vol.% polycaprolactone in
dichloromethane. The impregnation of the heterooxide matrix with the resulting solution
was also carried out by means of vacuum-impregnation apparatus. All modified samples
were subsequently dried at 4045 °C for 24 h [6].

Since the presented work is devoted to the design of novel coating types using the
application of different modifying agents, it is necessary to estimate the level of protective
properties of different systems, containing only a corrosion inhibitor and a polymer material,
or their mixture in the PEO-coating matrix. Various samples were used during the study in
order to select the optimal concentrations of inhibitor and polymer, as well as to find the
best method of combination of these protective agents. These specimens were used for a
comparative evaluation of the level of the anticorrosion protection of the formed coatings
and assessment of the efficacy of the proposed method of surface treatment of magnesium
alloys. The samples prepared for the experiments are designated in Table 1.

Table 1. Designation of the samples with coatings formed in the presented work and their descriptions.

Designation Description

PEO MAS8 Mg alloy specimen with the base PEO coating

MAS specimen with the composite coating formed by treating the PEO
CC-P sample in the solution of the 6 vol.% polycaprolactone
in dichloromethane

MAS specimen with the composite coating formed by treating the PEO

CC-50005 sample in the aqueous solution of sodium oleate (0.05 M)

MAS specimen with the composite coating formed by treating the PEO

CC-S001 sample in the aqueous solution of sodium oleate (0.1 M)

MAS specimen with the hybrid coating formed by treating the PEO
sample in the aqueous solution of sodium oleate (0.05 M), followed by
immersion in the solution of 6 vol.% polycaprolactone

in dichloromethane

HC-S0 0.05-2

MAS specimen with the hybrid coating formed by treating the PEO
sample in the aqueous solution of sodium oleate (0.1 M), followed by
immersion in the solution of 6 vol.% polycaprolactone

in dichloromethane

HC-500.1-2

MAS specimen with the hybrid coating formed by treating the PEO
HC-50 0.05-1 sample in the solution of sodium oleate (0.05 M) and polycaprolactone
(6 vol.%) in dichloromethane

MAS specimen with the hybrid coating formed by treating the PEO

HC-SO 0.1-1 sample in the solution of sodium oleate (0.1 M) and polycaprolactone
(6 vol.%) in dichloromethane
AT-Mg+PEO AT-Mg specimen with the base PEO coating
AT-Mg+CC SO AT-Mg specimen with the composite coating formed by treating the PEO

sample in the aqueous solution of sodium oleate (0.1 M)

AT-Mg specimen with the hybrid coating formed by treating the PEO
sample in the aqueous solution of sodium oleate (0.1 M), followed by
immersion in the solution of 6 vol.% polycaprolactone

in dichloromethane

AT-Mg+HC SO

The morphology of the obtained sample surface and elemental composition were
studied by means of scanning-electron microscopy (SEM), along with energy-dispersive
spectroscopy (EDX). Merlin Gemini II electron microscope (Carl Zeiss, Jena, Germany)
equipped with X-MaxN Silicon Drift Detector Sdd 80 (Oxford Instruments NanoAnalysis,
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Concord, MA, USA) was used. Metallographic cross-sections of the studied samples were
prepared for SEM-EDX studies.

The sample cross-sections were prepared by cold-pouring the specimens with epoxy
resin and subsequently processed using a Tegramin-25 grinder/polisher (Struers A/S,
Copenhagen, Denmark). The grinding and polishing stages involved the use of abrasive
papers, polishing discs [44], and diamond suspensions with grain sizes of 9-3 um, along
with DP-Lubricant Brown and OP-S NonDry colloidal suspension.

The phase composition of the formed PEO-layers was determined by X-ray-diffraction
analysis (XRD). SmartLab diffractometer (Rigaku, Tokyo, Japan) with CuKp radiation was
used. The spectra were recorded at a room temperature within the range of 26 = 4°-90°,
with a step of 0.01°. The generator current and voltage were 140 mA and 42 kV, respectively.

The chemical composition of CC-SO 0.1 sample was analyzed using X-ray photoelec-
tron spectroscopy (XPS). The surface was examined at 0.5 pPa using non-monochromatic
AlK« radiation (1486.6 eV). The measurements were conducted using the SPECS (Ger-
many) spectrometric complex, employing a hemispherical energy analyzer PHOIBOS-150.
Calibration of all spectra was performed versus the carbon (Cls) with a binding energy
equal to 285.0 eV. The studied area underwent etching with an Ar* beam for 600 s (5000 eV)
in scanning mode, and a layer approximately 5-10 nm thick was removed. This step was
used to investigate the chemical composition of the subsurface layers of the anticorrosion
coating and clean the area under study.

The impregnation of the PEO-coating structure with sodium oleate (CC-SO 0.1) was
confirmed using confocal Raman microspectroscopy. The spectra were obtained using
a green laser (532 nm) with an acquisition time of 600 s (60 accumulated spectra). The
measurements were conducted in the range of 300 to 3300 cm ™! with a power output of
35 mW. The Alpha500 confocal spectrometer (WITec, Ulm, Germany) was used. Raman
spectra were analyzed using WITec Control software. The selected area of the coating
with a size of 35 x 30 um was scanned, resulting in 35 x 35 spectra. During scanning, the
integration time for recording spectra was equal to 1 s.

The corrosion properties were evaluated using potentiodynamic polarization (PDP)
test and electrochemical impedance spectroscopy (EIS), along with monitoring of open
circuit potential (OCP) in the 0.9% NaCl solution. This medium was used for corrosion
tests of Mg samples that were promising for implant surgery, since 0.9% NaCl solution is
a physiological solution with a chloride concentration equal to C1~ contents in the blood.
The experiments were conducted by means of VersaSTAT MC system (PAR, San Jose, CA,
USA). The scanned surface area was 1 cm?. The platinized niobium mesh was applied as a
counter electrode. The reference electrode was the silver chloride (Ag/AgCl) electrode with
a potential of 0.197 V (vs. the NHE). Before the PDP and EIS tests, the specimen was kept
in the solution for 1 h to achieve a steady state. The sweep rate during PDP testing was
1 mV/s, and anodic polarization of the sample was carried out in the range of potentials
from —0.25 V up to +0.5 V versus Ec (where Ec is the corrosion potential). The impedance
spectra were recorded in the frequency range of 1 MHz-0.1 Hz, employing a logarithmic
sweep with 10 data points per decade. Moreover, the impedance spectra were recorded
during the 23 h of exposition of the sample to electrolyte. This duration was suitable for a
preliminary express estimation of the corrosion behavior of studied samples.

To simulate the corrosion behavior of specimens with protective coatings in environ-
ments that mimicked human-body medium, long-term electrochemical tests were con-
ducted in Hank’s balanced salt solution (HBSS) for 7 days. The EIS spectra were obtained
every 2 h during the first 48 h and every 4 h thereafter. After the last EIS measurement
(after 23 h of immersion in 0.9 wt.% NaCl solution and 7 days of exposure to HBSS), the
PDP test was also performed.

The Levenberg-Marquardt approach, known for its suitability for describing elec-
trochemical parameters of valve metals like Mg and its alloys, was applied to determine
the values of the corrosion potential (Ec) and corrosion-current density (Ic) by means
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of Butler-Volmer Equation (1). [45,46]. Values of the polarization resistance (Rp) were
measured in accordance with [47].

[=1.(10 Pa +10 P ) (1)
The inhibitor efficiency was estimated in accordance with Equation (2).
i = ((Ieo — Ic)/10) % 100%, )

where Iy and I are the values of the corrosion-current density measured for a system
without and with inhibitor, respectively.

To determine the corrosion-degradation rate of specimens with protective coatings,
gravimetric (mass-loss tests) and volumetric (hydrogen evolution tests) methods were
employed. Using these techniques, the material’s weight loss and the volume of evolved
hydrogen per unit area of the specimen were measured during immersion in Hanks’
solution for 7 days.

The mass loss of the material due to corrosion was estimated using the gravimetric
method. Corrosion products formed during the immersion were removed by washing the
samples in deionized water for 15 min using the ultrasonic bath. The washed samples were
weighed using AUW120D analytical balance (Shimadzu, Kyoto, Japan).

For hydrogen-evolution tests, an eudiometer (2591-10-500, Neubert-Glas, Geschwenda,
Geratal, Germany) was used, ensuring the isolation of the test solution from the air.

Four samples with a total surface area of 28 cm? were used simultaneously for vol-
umetric/gravimetric tests. The experiments were conducted at room temperature and
under constant stirring in the 500 mL solution [48]. All experiments were conducted in
triplicates to ensure reliability of the data. The relative error in the volume of evolved H,
did not exceed 10%. After the exposure period, the specimens were removed from the
solution, washed with deionized water, and subsequently dried in air. Based on the results
of hydrogen-evolution tests, the corrosion rate (PVf, ) of the studied samples was estimated
according to the equation presented in [49].

In order to investigate the diffusion process of the inhibitor’s release from the com-
posite (CC-SO 0.1) and hybrid coatings (HC-SO 0.1-2), high-performance liquid chro-
matography (HPLC) was employed. Five specimens of each type (with dimensions of
1.5 x 2.0 x 0.15 cm) were immersed in 300 mL of a 0.9 wt.% NaCl solution for a 21 days.
Every day, 3 mL of the solution was collected to evaluate the concentration of the inhibitor
released during the sample immersion. The HPLC analysis was conducted using a Shi-
madzu LC-20A liquid chromatograph equipped with a UV detector SPD-20A (detector
wavelengths were set to 210 nm and 275 nm) and a low-temperature laser-light scattering
detector ELSD-LT II. The component separation was performed using Agilent Eclipse
XDB-C18 column (4.6 x 150 mm, 5 pum). The temperature of the column was maintained at
40 °C. A mobile phase consisting of a 50:50 mixture of methanol and water was used. The
flow of the mobile phase was set at a rate of 16 pL/s.

3. Results

After the PEO treatment, a porous ceramic-like coating was formed on the surface of
the MA8 magnesium alloy. The composition of the resulting oxide layer, as indicated by
the SEM-EDX and XRD analyses (Figure 1a,c), revealed the presence of Mg, O, F, and Si
elements in the compounds, including MgO and Mg,SiO4 (Figure 1c). An examination of
SEM images and EDX maps showing the distribution of the elements within the coating’s
thickness indicated that the pores of the PEO coating were filled with corrosion-inhibitor
and polymer components (Figures 1b and 2). It can be inferred that the impregnation of
the PEO layer with PCL effectively reduced the likelihood of the penetration of aggressive
corrosive substances into the substrate.
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Figure 1. SEM images and maps of EDX analysis of element distribution within the cross-sections of
PEO (a) and CC-P (b) samples and XRD pattern of the PEO sample (c).

The chemical composition of formed inhibitor-containing protective layer (CC-SO 0.1)
was studied by means of X-ray photoelectron spectroscopy (XPS) (Figure 3; Table 2). It was
revealed that, in addition to a high concentration of aliphatic carbon, this element, with a
binding energy of 288 eV, was in the oxidized state (-C(O)O-). Moreover, the carbon with
the binding energy of 286 eV belonged to the methylene group (-CH>-), which is consistent
with the structure of sodium oleate. The spectra indicated that both the upper layer (prior
to the etching) and the underlying layer contained substantial amounts of oxygen and
sodium. This composition is attributable to the presence of the corrosion inhibitor in the
PEO layer. Oxygen with binding energies of 535 and 533 eV indicated the presence of -O-C-
and O=C- bonds, respectively, in the sodium oleate.
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Figure 2. SEM images and EDX maps of element distribution within the cross-sections of MAS alloy

samples with various coatings.
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Figure 3. XPS spectra of the CC-SO 0.1 sample (a). The C 1s (b,f), O 1s (¢,g), Na 1s (d,h), and
Mg 2p (e,i) high-resolution spectra before (b—e) and after (f-i) Ar* etching.

Table 2. The binding energy (in eV) and elemental composition (in at %, enclosed in brackets) of the
PEO-coated sample treated with sodium oleate (CC-SO 0.1).

z:l;:;ig Na (1s) O (1s) C(1s) Mg (2p)

Mo 0M W0 g omaen  Be e m w7
egﬁ% gﬁ; 5359 (7.0) 532.6 (3.8) 531.2(9.6) 2884 (4.9) g?% aig ﬁ; gﬁ
Chgfecal Na* -0-C- gi:oé MgO -C(0)0-  -C-C(0)O- gg Mg2*+ Mg?

The relatively low magnesium content suggested the uniform distribution of the
inhibitor over the PEO coating. The abundance of sodium, however, indicated the presence
of forms distinct from sodium oleate. The increased sodium content after the etching can
be attributed to the composition of the PEO coating. Taking into account that all oxygen at
535 eV and ca. 4 at. % of sodium is associated with sodium oleate, the results of the XPS
analysis confirmed that Cs3Hj15507Nas 5 was one of the main components of the upper
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layer in the CC-SO 0.1 sample. This substance had a composition closely matching that of
sodium oleate stoichiometry.

Confocal Raman microspectroscopy was employed to investigate the chemical compo-
sition of an alloy with a composite oleate-containing coating, the CC-50 0.1 sample. This
method enables the determination of components’ distribution within the protective layer
at the microscale in scanning mode. The Raman spectrum of the sodium oleate powder
is depicted in Figure 4. Notably, a broad band within the range of 2840-2940 cm~! was
observed, indicating the stretching vibrations of the v(C-H) bond. Specifically, asymmetric
stretching vibrations (-CH,-) were detected at 2850 cm ™!, while symmetric stretching vibra-
tions v(-CHj-) were observed at 2930 cm~! [50,51]. The peak at 1098 cm ™! represents the
bending vibrations of the C-C bond within the hydrocarbon chain of the sodium oleate [50].
The peaks at 1305 cm ™! and 1460 cm ! are attributable to the aliphatic chain of the sodium
oleate, indicating bending vibrations of 8(CHjy) [52,53]. The peak at 1650 cm ! is related to
the stretching vibration of v(C=0) bond [53]. Figure 4b represents an optical image of the
analyzed area (enclosed within a frame), along with the corresponding intensity distribu-
tion of the sodium oleate in the CC-SO 0.1 sample. To create a 2D inhibitor-distribution
map, the Raman-shift range of 2770-2960 cm ™!, encompassing the stretching vibrations of
the v(C-H) bond, was used. The analysis of the experimental data revealed a high concen-
tration of sodium oleate on the sample surface. The intensity map illustrates areas with a
uniform distribution of sodium oleate, as well as agglomerates containing the substance,
which appear as lighter regions. The presence of a corrosion inhibitor on the surface of
the PEO coating served as an additional barrier layer, thereby enhancing the sample’s
anticorrosive properties. The surface area where the Raman spectrum (shown in Figure 4a)
was acquired is marked by the “X” symbol in Figure 4b. The Raman spectrum displays
distinctive bands at 1072, 1305, 1440, 1680, and 2880 cm™1, corresponding to the sodium
oleate. These findings indicate heterogeneity in the inhibitor distribution over the sample
surface.

a 4 1 4 I ' I
—— PEO-coating in point X

2880

[e]
(00}
O
Lo |

N
N~
o
~

1305

S 1440

A \J\/W\V\A/\/\'\\/\\ / M\\J‘ A\

st Mg V\wmv

Intensity
1460
2850
2930

sodium oleate powder

2000 3000
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1000

Figure 4. Cont.
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Figure 4. Raman spectrum of sodium oleate powder and spectrum from the area marked with X in
(b) of CC-SO 0.1 (a), optical image (on the left side of (b)), and 2D inhibitor-distribution map (on the
right side of (b)).

The evolution of the protective properties of the specimens with the PEO layer, the
composite polymer-containing (CC-P) and inhibitor-containing (CC-SO 0.05, CC-50 0.1)
coatings, and the samples with hybrid coatings (HC-SO 0.05/0.1-2, HC-SO 0.05/0.1-1)
during the long-term exposure (23 h) to the corrosive environment was studied by EIS.
Figure 5 displays the impedance spectra, presented as Nyquist and Bode plots. Addition-
ally, Figure 6 presents the evolution of the 1Z1s_ ¢y, (impedance modulus measured
at a low frequency, f = 0.1 Hz) during the specimen’s immersion in 0.9% NaCl solution.
The phase angle vs. frequency plots for the PEO, CC-P, CC-SO 0.05, CC-SO 0.1, HC-SO
0.1-2, and HC-SO 0.05-1 samples exhibited two time constants (Figure 5c). Therefore, the
impedance spectra were fitted using equivalent electrical circuits (EEC) comprising two
series-parallel R-CPE chains (Figure 5d). To account for the heterogeneity of the studied
protective layers, the constant phase element (CPE) was utilized as a representation of
the ideal capacitance in the analysis. The Ri—CPE; chain represents the resistance (R1) of
the porous layer of the formed PEO coating impregnated with sodium oleate at various
concentrations (CC-SO 0.05, CC-SO 0.1) and the polymer component (CC-P, HC-50 0.05-2,
HC-SO 0.1-2) or an inhibitor-polymer solution (HC-SO 0.05-1), as well as the geometrical
capacitance (CPE;) of the whole coating (applicable to all types of coating). The R,—CPE,
chain describes the resistive and capacitive behavior of the inner sublayer (the non-porous
barrier part of the coating), considering the presence of the inhibitor and the polymer
deposited in the PEO coating pores. Furthermore, for the impedance spectra obtained
during the exposure of the HC-SO 0.1-1 sample, the 6-f diagrams demonstrate the presence
of three time constants (Figure 5c). Consequently, the fitting of the impedance spectra was
conducted by means of EEC with R-CPE chains (depicted in Figure 5e). Taking into con-
sideration the limited solubility of sodium oleate in dichloromethane, the hybrid coatings,
HC-S0 0.05-1 and HC-SO 0.1-1, exhibited undissolved NaOl powder particles on their
surfaces. It is likely that these particles dissolve in the electrolyte, leading to changes in
the morphology of the surface layer. Additionally, the corrosion inhibitor dissolved in the
electrolyte further enhanced the protective properties of the specimen during exposure to
the NaCl solution. This was achieved through a reduction in the electrochemical reactions
rate due to the subsequent interaction with the material’s surface and deposition at the
pitting area. Moreover, the swelling of the polymer during exposure to the corrosive envi-
ronment may have contributed to changes in the morphology of the upper layer. Partial
degradation, flaking, and the sealing of the porous part of the coating may have occurred.
The combination of these factors resulted in the appearance of the third time constant for
the HC-SO 0.1-1 sample, unlike the HC-SO 0.05-1 specimen. In the latter case, the effect of
the dissolution of the corrosion inhibitor precipitated at the coating’s surface was negligible
due to its lower concentration, which stimulated better solubility in dichloromethane and
the formation of a more uniform initial surface layer. Consequently, for the HC-SO 0.1-1,
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the Ri—CPE; chain describes the resistance of the upper layer (including the electrolyte
resistance in the pores) formed by the inhibitor and polymer deposited on the surface
and within the porous part of the PEO layer, and also reflects the geometric capacitance
of the whole coating. The R,—CPE, chain represents the inner non-porous barrier layer
of the formed coating, comprising the inhibitor—polymer composition deposited at the
bottom of the pores. Finally, the R3—CPEj3 chain describes the inner porous part of the
composite coating covered with a polymer/inhibitor. For all the hybrid oleate-containing
coatings, slight changes were observed in the values of Q (CPE coefficient) and # (an expo-
nential factor reflecting the approximation of element properties to conductivity (n—0) or
capacitance (n—1)) during the sample exposure (Table S1). These changes indicate slight
variations in the coating configuration, including morphology, composition, and proper-
ties). The resistance values of the inner (R;, R3) and outer (R;) sublayers of the coating
showed changes during exposure to the aggressive destructive environment, suggesting
the manifestation of self-healing properties by the coatings. A comparative analysis of
the corrosion-resistance results of the formed surface layers revealed the positive effect
of incorporating the inhibitor into the coating composition on its protective properties.
The impregnation of the pores in the PEO coating with sodium oleate at concentrations of
005 M (CCSO 005 [Zlf-o1n, = 242,810 Q-cm?) and 0.1 M (CC-SO 0.1;
| Z1f- 011, = 457,030 Q-cm?) led to an increase in the impedance modulus measured
at a frequency f = 0.1 Hz by 3.2 and 5.9 times, respectively, compared to the values ob-
tained for the inhibitor-free PEO layer (1Z 17 -1, = 76,910 Q-cm?). However, the direct
contact between the modifying agent and the electrolyte stimulated the premature release
of the inhibitor from the oxide PEO layer, resulting in decreased barrier properties in the
inhibitor-containing coating. This may have led to an early reduction in the corrosion resis-
tance of the implant and, potentially, to the partial loss of its mechanical integrity. These
processes may negatively affect osteosynthesis by provoking the formation of undesirable
mechanical stresses in the surrounding bone tissue. Therefore, it is necessary to seal nano-
and microreservoirs containing the inhibitor with a bioresorbable polymeric material, such
as polycaprolactone. The treatment of the CC-SO 0.05 sample with polycaprolactone (HC-
S0 0.05-2) resulted in a significant increase in the level of corrosion protection (Figure 5,
Table S1). The value of 1Z1;_o1n, for these surface layers reached 1,024,800 Q-cm?,
which was 9.7 times higher than that obtained for the CC-P (1Z -1 1, = 105,880 Q-cm?).
Among the oleate-containing coatings, the HC-SO 0.1-2 sample demonstrated the highest
resistance to the corrosion processes (Figures 5 and 6, Table S1). The maximum recorded
| Z 1011, value for this type of coating was 1,140,200 Q-cm? (after 15 h of immersion
in the NaCl solution), which was more than nine times higher than the 1Z1¢_ o1 p, value
at the corresponding exposure stage in the corrosive environment for the CC-P sample
(I1Z1f-01H, equal to 115,870 Q-cm?). Additionally, this type of coating exhibited the
highest polarization resistance after long-term exposure to the aggressive environment
(Rp =2.99 x 107 Q-cm?, Table 3). Figure 7 illustrates the changes in the calculated total
resistance (R; + Ry + R3) for the investigated samples, obtained by fitting the impedance
spectra after 23 h of immersion in the NaCl solution using an appropriate EEC. It can be
inferred that the protective properties of the PEO sample decreased over time due to the
partial degradation of the porous coating. The slight increase in total resistance in the
CC-P coating can be attributed to the polymer component swelling in the formed surface
layer. However, the anticorrosion properties of the polymer-containing composite coating
were still insufficient to provide long-term protection against corrosion. The samples with
composite-inhibitor-containing coatings (CC-SO 0.05, CC-SO 0.1) exhibited higher levels
of corrosion protection than the PEO and CC-P during the initial hour of the experiment.
This result can be attributed to the early manifestation of active corrosion-protection prop-
erties upon direct contact between the coated sample and the aggressive medium. The
HC-50 0.05-2 sample as characterized by strong protective properties at an early stage of
its immersion in the electrolyte (1 h, Figures 5-7). This can be explained by the premature
release of the corrosion inhibitor from the formed microcontainers and the manifestation of



Polymers 2023, 15, 3035

13 of 26

self-healing properties. However, during the analysis of the evolution of the total resistance
and impedance modulus measured at a low frequency during the 23 h of exposure to the
0.9 wt.% NaCl solution, it was revealed that the HC-SO 0.05-2 sample was characterized
by a significant decrease in corrosion resistance, which indicated insufficient inhibitor
concentration in the studied system. The low inhibitor concentration in the pores of the
PEO layer can also be related to its partial release into the solution during the formation
of the polymer layer. In turn, the HC-SO 0.1-2 was characterized by the most noticeable
expression of self-healing properties upon long-term contact with the aggressive environ-
ment. The data presented for the HC-SO 0.1-2 sample suggest that this method of forming
hybrid coatings best fulfills the objectives of the research. At the initial stage of the test
(after 1 h of immersion), partial degradation of the PCL layer was observed, followed by a
gradual release of the inhibitor from the pores (11 h of exposure), resulting in a significant
increase in the level of anticorrosion protection (Figure 7). The results obtained for the
hybrid coatings formed by the one-step treatment of the PEO sample in the inhibitor and
polymer solution in dichloromethane (HC-SO 0.05-1, HC-SO 0.1-1) indicate lower inhibitor
efficiency compared to the coatings formed via a two-step process. This result shows
that PEO-coating impregnation with an inhibitor followed by polymer treatment provides
higher anticorrosion protection than the formation of an inhibitor-containing PCL-layer on
the surfaces of PEO-treated alloys.

100 200
Z' kQ-cm’

' Z' MQ-cm’

Figure 5. Cont.



Polymers 2023, 15, 3035 14 of 26

Rs Cc1

R1 CPE2

Figure 5. Impedance spectra (Nyquist (a) and Bode (b,c) plots), obtained after 1 h immersion of
samples with studied coatings in 0.9% NaCl. Equivalent electrical circuits (EECs) used to fit the EIS

spectra (d,e).
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Figure 6. The change in the impedance modulus detected at f = 0.1 Hz versus time of the exposure of
investigated specimens to 0.9 wt.% NaCl solution.
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Figure 7. Evolution of the calculated total resistance of the samples with formed surface layers during
the immersion in 0.9 wt.% NaCl solution.
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Table 3. The electrochemical parameters obtained from the analysis of PDP curves and EIS spectra,
and inhibitor efficiency after 1 h and 23 h of sample immersion in a 0.9 wt.% NaCl solution.

ﬂar 750 om—2 Ec,V Rp, 1z If =0.1Hz/
Sample Ic, A-cm (Ag/AgCl) Q-cm? Q-cm?

. o
mV/Decade mV/Decade s %

PEO after 1 h
of exposure

PEO after 23 h
of exposure

CC-P after 1h
of exposure

CC-P after 23 h
of exposure

CC-S0 0.05
after 1 h of 238.73 141.02 345 x 1077 —1.33 1.12 x 10° 242,810 85.6
exposure

CC-50 0.05
after 23 h of 286.61 143.80 7.34 x 1078 -1.37 5.67 x 10° 124,060 -
exposure

CC-50 0.1 after
1 h of exposure

CC-S0 0.1 after
23 h of 159.10 93.61 426 x 108 —1.38 6.02 x 10° 93,942 —*
exposure

HC-S0O 0.05-2
after1h 379.11 160.13 6.11 x 1078 —1.44 8.01 x 10° 1,024,800 91.0
of exposure

HC-S0 0.05-2
after 23h 139.35 76.63 1.99 x 1078 —147 1.08 x 10° 565,150 95.7
of exposure

HC-SO 0.1-2
after 1h 181.39 115.64 1.71 x 10~8 —1.28 1.80 x 10° 225,960 97.7
of exposure

HC-SO 0.1-2
after 23 h 447.19 378.21 298 x 107° —1.07 2.99 x 107 764,370 99.4
of exposure

HC-50 0.05-1
after1h 151.41 171.59 223 x 1077 —1.51 1.57 x 10° 56,227 70.4
of exposure

HC-50 0.05-1
after 23 h 141.31 99.046 6.43 x 107° -1.29 3.94 x 10° 163,770 98.6
of exposure

HC-S0 0.1-1
after 1 h 108.59 105.48 1.38 x 108 —1.34 1.68 x 10° 124,470 98.2
of exposure

HC-50 0.1-1
after 23h 103.36 101.91 6.23 x 1077 -129 3.58 x 106 620,100 98.7
of exposure

220.70 218.18 240 x 10~° —1.50 1.99 x 10* 76,910 —*

Coating breakdown 60,522 —*

268.36 270.80 7.55 x 1077 —1.46 7.76 x 10* 105,880 —*

346.87 237.49 463 x 1077 —1.46 1.32 x 10° 177,130 —*

105.31 205.36 5.39 x 10~8 -1.32 1.55 x 10° 457,030 97.8

* The inhibitor efficiency that cannot be calculated.

The changes in the protective properties during the immersion of the HC-50 0.1-2
sample in the sodium chloride solution (Figures 6 and 7) indicate the most pronounced
manifestation of self-healing properties among all the studied coatings containing NaOL.
According to [54], the periosteum initially forms and stabilizes a bone defect 7-10 days
after bone injury during the bone-formation phase, prior to the final phase of bone re-
modeling. Therefore, the long-term effect of the corrosion protection of formed hybrid
coating contributes to the maintenance of the implant’s mechanical strength, minimizing
mechanical stresses at the interface between the Mg material and the bone, and optimizing
tissue formation [55,56].
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The corrosion parameters of the formed surface layers obtained using the poten-
tiodynamic polarization test (Figure S1) and electrochemical impedance spectroscopy
(Figures 5-7) are presented in Table 3. Based on a comparative analysis of the obtained data,
it can also be concluded that the hybrid inhibitor-containing coatings demonstrated the
highest corrosion resistance of all the studied coatings. These coatings exhibited the lowest
corrosion-current density and the highest impedance modulus at a frequency of 0.1 Hz
after 1 h and 23 h of exposure. The samples with hybrid inhibitor- and polymer-containing
coatings (HC-SO 0.1-2) were also characterized by the highest inhibitor efficiency, which
reached 99.4% after 23 h of immersion in the 0.9% NaCl solution (Table 3).

The analysis of the results of the Hy-evolution tests (Figure 8) revealed an improvement
in the protective properties of the formed composite and hybrid coatings with inhibitors
in comparison with the PEO and CC-P specimens. The PEO sample exhibited the highest
amount of released hydrogen (Vy,) per surface-area unit (480 uL/ cm?). However, the
PEO-coating impregnation with sodium oleate and polycaprolactone resulted in a signifi-
cant decrease in the amount of released hydrogen volume during the exposure to HBSS
(Figure 8). This outcome highlights the positive impact of surface treatments with corrosion
inhibitors and polymer materials. A comparison of the volumetry and EIS data (with
exposure to the 0.9 wt.% NaCl solution and HBSS) indicated their consistency. Of the anti-
corrosion coatings, the hybrid coating formed by the PEO-coated sample’s impregnation
with the 0.1 M NaOl and polycaprolactone solution in two stages exhibited the best protec-
tive properties. The total volume, Vy,, was equal to 85 pL./ cm? for the HC-SO 0.1-2 sample,
which was 6.6 times lower than that obtained for the PEO sample. Despite the variations
in the hydrogen-evolution rate during the exposure period, the Vy, values were similar
among all the samples with inhibitor-containing protective coatings. This demonstrates
the low rate of degradation of the materials with anticorrosion coating. According to the
data presented in Table 4, the treatment of a PEO-coated sample (PVy, = 0.14 mm/y) with
0.05 M and 0.1 M solutions of NaOl leads to a decrease in corrosion rates by 1.5
(PVh, = 0.09 mm/y) and 3.7 times (PVy, = 0.038 mm/Yy), respectively. The lowest cor-
rosion rate after 7 days of the immersion of the studied samples in the HBSS was that of the
HC-SO 0.1-2. The PV}, of the samples with this type of coating was equal to 0.025 mm/y,
which was 5.6 times lower than that of the PEO-coated specimens (PVy, = 0.14 mm/y).

600

—e—PEO

500 —e—CC-P

—e—(C(C-S00.05 /
—e—CC-S0 0.1 =

400 —e—HC-S0 0.05-2
—e—HC-S0 0.1-2

< ——HC-S00.05-1
S 3004 —e—HC-800.1-1
=
>I
2001
100 -
0-
0
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Figure 8. Change in the volume of released hydrogen (Vpy,) normalized to the area of the sample
surface for MA8 Mg alloy with different coatings during 7 days of immersion in HBSS medium.
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Table 4. Corrosion rate of the studied samples after 7 days of exposure to HBSS.
CC-SO HC-SO HC-SO HC-SO HC-SO
Sample PEO - cCP 0.05 CESO01  h05-2 0.1-2 0.05-1 0.1-1
PVy,, mm/y 0.14 0.13 0.09 0.038 0.036 0.025 0.05 0.04

Based on the mass-loss tests, the corrosion-degradation rate of the specimens
(mg cm~2 day~!) was calculated, considering the exposure time in the Hanks solution
(Table S2). A comparative analysis of the experimental data revealed that the samples with
hybrid inhibitor-containing coatings exhibited high corrosion resistance during the long-term
(7-day) immersion in the corrosive environment. Specifically, samples with HC-SO 0.1-2
demonstrated the lowest rate of corrosion degradation (0.0132 & 0.0026 mg cm 2 day’l),
which was 3.1 times lower than the corrosion rate for the sample with the PEO coating
(0.0415 + 0.0042 mg cm~2 day~!). These findings are consistent with the results obtained
through the PDP and EIS tests, utilizing exposure to the 0.9 wt.% NaCl solution.

In a sample with a composite coating containing sodium oleate, the inhibitor release
was observed only on the 14th day of exposure. The maximum concentration of sodium
oleate in the solution was below 0.00005 M. However, during the immersion of the sample
with the hybrid coating, the inhibitor release could not be confirmed by HPLC. This is
attributable to the low concentration of the inhibitor in the solution, which fell below the
detection limit for this substance. The obtained results indicate the effective protection
provided by the formed coating containing the inhibitor and polymer.

The PDP data obtained from the long-term exposure of the HC-SO 0.1-2 sample in
Hanks’ balanced salt solution are presented in Figure 9 and Table 5. Based on these data, it
is evident that the sample with the hybrid coating containing the inhibitor and polymer,
HC-SO 0.1-2, exhibited a low corrosion rate in the physiological solution. The corrosion-
current density for the HC-SO 0.1-2 sample was measured as 1.29 x 1078 A-cm~2. The
changes in the impedance modulus, detected at the lowest frequency, 1Z1¢_¢1n,, over
the exposure period of the samples to Hanks’ solution (Figure 9) clearly demonstrate
the evolution of the barrier properties of the coatings during prolonged contact with a
medium simulating human blood plasma. Through a comparative analysis of the collected
data, it was established that the samples with the hybrid coating exhibited consistent
electrochemical behavior in the tested medium. According to the presented data, the oleate-
containing hybrid coatings demonstrated the highest corrosion resistance during the initial
5 days of exposure. Subsequently, there was a slight decrease in the level of anticorrosion
protection, followed by stabilization. These findings are consistent with the calculated EEC
parameters obtained by fitting the impedance spectra recorded during the 7-day exposure
to Hanks’ solution (Table 6). The parameters CPE and R showed insignificant changes,
further confirming the high resistance to corrosion of the specimens with hybrid layers.
From the experiment, it can be inferred that hybrid coatings are capable of providing the
necessary level of corrosion protection, ensuring the mechanical integrity of implanted
materials during the initial phase of bone formation [54].

Table 5. Calculated corrosion performance for HC-SO 0.1-2 samples after 1 h and 7 days of exposure
to HBSS.

Sample ﬂal 7ﬁCl Ic, A-cm—2 ECI v Rp, 1z If =0.1Hz/s
Type mV/Decade = mV/Decade < (Ag/AgCD Q-cm? Q-cm?
After 1h 258.36 307.41 1.29 x 10-8 ~1.49 4.72 x 106 9.39 x 106

exposure
After7d 276.28 245.43 5.68 x 108 ~1.50 9.94 x 10° 2.03 x 106

exposure
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Figure 9. Polarization curves (a) and the change in the impedance modulus, detected at the frequency
of 0.1 Hz, during the immersion of HC-SO 0.1-2 samples in Hanks’ solution (b).

The evaluation of the PDP-study results following the exposure of the samples to
Hanks’ solution for 7 days confirmed the effectiveness of the incorporation the inhibitor
into the composition of the protective coatings (Table 5). The corrosion-current density for
the HC-SO 0.1-2 sample slightly increased after 7 days of exposure (5.68 x 1078 A-cm~2),
compared to the corresponding value obtained after 1 h of exposure to the harsh environ-
ment. This indicates the presence of self-healing properties in the formed surface layers.
Such hybrid coatings ensure stable, prolonged, and active protection for MA8 Mg alloys
against destructive external influences.

The oleate-containing surface layer exhibited excellent barrier properties, reducing
the penetration of the aggressive environment. Through the partial degradation of the
upper polymer layer, the adsorbed inhibitor effectively lowered the degradation rate of
the material, leading to the slower formation of the corrosion-product layer. This effect
contributed to the enhancement of the corrosion resistance of the material compared to
systems in which the formation of surface films occurs more intensively.
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Table 6. The EEC parameters obtained by fitting the EIS spectra of HC-SO 0.1-2 samples during the
exposure to HBSS for 7 days.

CPE, CPE,
Exposure Time, h Q1, Ry, Q-cm? Q», Ry, Q-cm?
S-cm—2.s" el S-cm—2.s" 2

1 1.41 x 10710 0.99 1.83 x 10° 2.36 x 1077 0.50 6.99 x 100
3 1.57 x 10710 0.97 1.26 x 10° 3.72 x 1077 0.47 1.33 x 10°
11 1.63 x 10710 0.97 1.98 x 10° 6.75 x 1078 0.69 3.50 x 10°
23 2.88 x 10710 0.96 4.64 x 10° 8.84 x 1078 0.43 432 x 10°
47 417 x 10710 0.92 5.75 x 100 1.92 x 1077 0.46 5.21 x 10°
71 4.03 x 10710 0.92 2.68 x 100 1.30 x 107° 0.59 2.33 x 10°
119 3.83 x 10710 0.92 2.32 x 10° 2.56 x 1077 0.58 3.80 x 10°
167 2.50 x 10710 0.95 1.26 x 10° 1.89 x 1076 0.30 1.34 x 10°

The anticorrosion properties of the coatings obtained on the surface of the Mg sam-
ple produced by direct laser deposition were determined through the analysis of the
impedance spectra presented in Figure 10. The Bode plots for all the studied samples
exhibited two distinct time constants, which necessitated the use of the equivalent electri-
cal circuits with two series-parallel R-CPE chains for fitting the experimental impedance
spectra (Figure 5d). The parameters (Ry) and (CPEy) represented the characteristics of
the protective layers formed on the Mg. The changes in the calculated parameters of the
EEC elements and the impedance modulus detected at f = 0.1 Hz for the AT-Mg+PEO
and oleate-containing samples during the 23 h of exposure to the 0.9 wt. % NaCl solution
are presented in Table S3 and Figure 11, respectively. The impedance value measured at
the lowest frequency (1Z 171 n,) for the AT-Mg+CC SO sample exhibited an increase
of more than twofold (1Z17-¢1n, = 2249 Q-cm?) compared to the AT-Mg+PEO speci-
men (1Z1¢-01n, =940 Q-cm?). A comparative analysis of the calculated data obtained
from the potentiodynamic polarization test (Figure 12, Table 7) also revealed the positive
influence of the sodium oleate on the corrosion resistance of the AT-Mg. The corrosion-
current density of the AT-Mg+CC SO sample (Ic = 3.91 x 107> A-cm~2) was 2.9 times
lower than that of the PEO-coated specimen (Ic = 1.14 x 10~ A-cm~2). The anticorrosion
properties of the AT-Mg+CC SO sample were maintained even after 23 h of exposure to
the chloride-containing medium (Ic = 3.82 x 10~* A-cm~?2), in contrast to the AT-Mg+PEO
specimen, which corroded during exposure to the NaCl (Figure 11). The structure of the
metal substrate was not uniform, nor was that of the heterooxide layer that formed on
its surface. The PEO treatment of the AT-magnesium reduced the specific surface area
of the material in contact with the aggressive medium. However, the heterogeneity of
the microstructure of the substrate material and the complex morphology of the formed
protective coating resulted in the formation of numerous initiation centers for corrosion
processes. It is worth noting that the calculation of the EEC parameters for the specimens
with AT-Mg+PEO and AT-Mg+CC SO after 5 h of immersion was not possible as a result
of the significant decrease in the corrosion resistance and the poor quality of the obtained
spectra. However, the AT-Mg+HC SO sample showed no violation of its mechanical in-
tegrity after the long-term exposure and polarization (Figure 11). These results indicate the
positive effect of modifying the base PEO coating by means of a corrosion inhibitor. The AT-
Mg+HC SO demonstrated the highest resistance to the corrosion processes. The values of

| Z1¢ - 0.1 1, for this coating was more than 60 times higher (1Z17_¢1n, = 55,630 O-cm—2)
and the I¢ for the hybrid coating (Ic = 3.71 x 1078 A-cm~2) was more than three orders of
magnitude lower, than the equivalent parameters for the sample with the base PEO layer
(1Z15 - 011z = 940 Q-em?, Ic = 1.14 x 10~* A-cm~?) (Figure 10, Table 7). The AT-Mg+CC
S0 sample also exhibited a slight change in its Q and »n parameters during the exposure
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time, which indicated slight changes in the morphology, composition, and properties of
the coating. It was observed that the impregnation of the PEO-coated AT-Mg with the
corrosion inhibitor and polymer solution significantly enhanced the resistance of the inner
(R1) and outer (R;) layers of the protective coating. The decrease in these parameters
during the sample’s exposure to the corrosive environment is attributable to the partial
degradation of the protective coating. Nevertheless, the hybrid coating demonstrated
superior electrochemical resistance, especially after immersion in a 0.9% sodium chloride
solution for 23 h. The corrosion-current density, Ic, for the AT-Mg+HC SO sample after the
exposure was equal to 2.25 x 107> A-cm~2, which was more than an order of magnitude
lower than the value of this parameter for the AT-Mg+CC SO (Ic = 3.82 x 10~% A-cm~2).

b
=75
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Figure 10. Impedance spectra (Nyquist (a) and Bode (b,c) plots), obtained after 1 h exposure to
0.9% NaCl solution of AT-Mg samples with different types of formed coating.
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Figure 11. The change in the impedance modulus detected at the lowest frequency (1Z1¢-¢1 1)
versus the exposure time of AT-Mg with various types of coating to the 0.9% NaCl solution. Optical
images of sample surfaces after 23 h of immersion in a sodium chloride solution are also provided.
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Figure 12. PDP curves obtained for AT-Mg specimens with various types of coating after 1 h (a) and
23 h (b) of immersion in 0.9 wt.% solution of sodium chloride.
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Table 7. The electrochemical parameters obtained from the PDP and EIS tests for coated AT-Mg
samples after 1 h and 23 h of immersion in a 0.9% NaCl solution.

ﬁa/ _ﬁC/ . _2 EC/ \" RP/ |z lf =0.1 Hz~
Sample Type mV/Decade mV/Decade Ic, A-em (Ag/AgCl) Q-cm? Q-cm?
AT-Mg+PEO 275.45 556.01 1.14 x 1074 ~145 7.02 x 102 940
after 1 h exposure
AT-Mg+PEO . e _x _ _ 82
after 23 h exposure
AT-Mg+CC SO 154.94 279.75 391 x 107° ~142 111 x 103 2249
after 1 h of exposure
AT-Mg+CC SO 156.68 174.19 3.82 x 10+ ~145 9.40 x 10! 75
after 23 h of exposure
AT-Mg+HC SO 46528 213.07 3.71 x 10~8 ~1.35 1.71 x 10° 55,630
after 1 h of exposure
AT-Mg+HC SO 299.47 259.20 225 % 105 145 2.69 x 10° 3182

after 23 h of exposure

* The electrochemical parameters that cannot be accurately calculated.

Therefore, according to the analysis of the experimental data from the EIS, PDP, hydro-
gen evolution, and mass-loss tests, the HC-SO 0.1-2 (for MAS alloy) and AT-Mg+HC SO
(for AT-Mg) samples exhibited the strongest anticorrosive properties. These hybrid coatings
formed via the sequential impregnation of the PEO-coated samples in solutions with NaOl
and PCL provided the MA8 magnesium alloy and the AT-Mg with the highest levels of
corrosion protection. The use of this surface treatment makes it possible to implement the
controlled resorption of Mg-based implants while maintaining their mechanical integrity
throughout the entire healing process.

4. Conclusions

Studies were conducted with the aim of developing a method to modify the surface
of the bioresorbable magnesium alloy, MAS8, and magnesium samples obtained with
additive technology (AT-Mg). The objective was to create hybrid coatings that incorporate
an organic corrosion inhibitor and a biodegradable polymer material, with the goal of
reducing corrosion degradation. The following findings were obtained from the study.

The plasma-electrolytic oxidation of the MA8 and AT-Mg surfaces resulted in the
formation of ceramic-like coatings with well-developed surfaces. The X-ray-diffraction
analysis revealed the presence of forsterite (Mgp5iO,4) and periclase (MgO) in the com-
position of the coating. The surface relief provides a suitable matrix for incorporating
modifying agents, such as biocompatible corrosion inhibitors and polymers.

The method was selected and optimized to achieve the most effective impregnation of
the pores in the PEO coating with the corrosion inhibitor and polymer. Hybrid coatings
were formed via the sequential impregnation of the PEO-coated samples in solutions with
various concentrations of NaOl and PCL (HC-SO 0.05-2, HC-SO 0.1-2, AT-Mg+HC SO),
as well as via the one-stage application of PCL and NaOl], in a dichloromethane solution
(HC-50 0.05-1, HC-SO 0.1-1).

The presence of sodium oleate in the composition of the composite-inhibitor-containing
coatings (CC-50 0.05, CC-SO 0.1) was confirmed using X-ray photoelectron spectroscopy,
and its distribution within the coatings was established by means of confocal Raman
microspectroscopy.

The level of corrosion protection provided by the coatings on the MA8 Mg alloy and
AT-Mg was assessed. The HC-50 0.1-2 exhibited the strongest anticorrosive properties,
according to the EIS and PDP data. The maximum recorded |Z1¢_¢1y, value for this

specimen was 1,140,200 Q-cm? (after 15 h of exposure to NaCl solution). This sample
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also exhibited the highest polarization resistance (Rp = 2.99 X 107 Q-cm?) and the highest
inhibitor efficiency (99.4%) after long-term exposure to the aggressive environment.

The electrochemical behavior of the HC-SO 0.1-2 sample with the hybrid coating
was evaluated during its exposure to HBSS. The corrosion-current density and impedance
modulus detected at a low frequency for the samples with hybrid coatings after 7 days of ex-
posure were equal to 5.68 x 1078 A-cm~2 and 2.03 x 10° Q)-cm?, respectively. This indicates
the effectiveness of the developed method of surface modification and the manifestation of
self-healing properties.

The volumetric and gravimetric tests revealed that the HC-SO 0.1-2 sample exhibited
the lowest volume of released hydrogen (Vy, = 85 pL/cm?) and the lowest weight loss
(0.0132 =+ 0.0026 mg-cm~2-day!) of all the studied layers. These samples also demon-
strated the lowest corrosion rate (0.025 mm/y) after 7 days of immersion in HBSS.

The HPLC data indicated that the impregnation of the pores of the PEO layer using a
polymeric material significantly reduced the amount of inhibitor released into the solution.
This confirmed the efficacy of the proposed surface-modification method for bioresorbable
magnesium and its alloys.

The optimal approach to hybrid-coating formation via the sequential impregnation of
PEO-coated samples was established. The role of each component of these smart coatings
(e.g., corrosion inhibitor, polymer) in enhancing the corrosion resistance was highlighted.
It was revealed that the combination of sodium oleate and polycaprolocatone improves
the corrosion behavior of PEO-treated Mg and its alloys. This study established the
effectiveness and potential of using hybrid coatings containing a bioresorbable polymer
material and a biocompatible corrosion inhibitor for the controlled resorption of biomedical
products made of magnesium and its alloys.

The future research directions based on this study include the monitoring of long-
term electrochemical stability in various specific environments (e.g., Hanks’ balanced salt
solution and minimum essential medium) to improve the accuracy of the prediction of the
corrosion behavior of samples with the studied types of protective layer in vitro, as well as
the performance of in vivo studies to confirm the biocompatibility of the formed material.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15143035/s1, Figure S1: Polarization curves obtained after
1h (a) and 24 h (b) of exposure of the studied samples to 0.9% NaCl solution; Table S1: The calculated
parameters of the EEC elements, obtained by fitting the experimental impedance spectra of the
coated samples during their exposure to a 0.9% NaCl solution; Table S2: The results of gravimet-
ric measurements of specimens with different types of coatings after 7 days immersion in HBSS;
Table S3: The calculated parameters of the EEC elements, obtained by fitting the experimental
impedance spectra of the coated AT-Mg samples during their exposure to 0.9% NaCl solution for
24 h.

Author Contributions: Conceptualization, investigation, and visualization, A.S.G. and V.S.F; valida-
tion, resources, data curation, supervision, project administration, and funding acquisition, A.S.G.,
S.L.S. and S.V.G.; software, methodology, and formal analysis, A.S.G., VS.F. and A.Y.U.; writing—
original draft preparation and writing—review and editing, A.S.G., VS.E, S.L.S. and S.V.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The electrochemical studies, analysis of the composition and morphology of the mate-
rial were supported by the Grant of Russian Science Foundation, Russia (project no. 20-13-00130,
https:/ /rscf.ru/en/project/20-13-00130/ (accessed on 14 June 2023)). The coating formation and
corrosion-rate determination were supported by the Grant of Russian Science Foundation, Russia
(project no. 21-73-10148, https:/ /rscf.ru/en/project/21-73-10148/ (accessed on 14 June 2023)).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The HPLC studies were conducted under government assignments from the
Ministry of Science and Higher Education of the Russian Federation, Russia (project no. FWFN(0205)-


https://www.mdpi.com/article/10.3390/polym15143035/s1
https://www.mdpi.com/article/10.3390/polym15143035/s1
https://rscf.ru/en/project/20-13-00130/
https://rscf.ru/en/project/21-73-10148/

Polymers 2023, 15, 3035 24 of 26

2022-0001). The Federal Scientific Center of the East Asia Terrestrial Biodiversity FEB RAS (Vladivos-
tok, Russia) and the Center of Laser Technologies (Institute of Automation and Control Processes of
FEB RAS) are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, Q.Z.; Thompson, 1.D.; Boccaccini, A.R. 4555 Bioglass®-Derived Glass—Ceramic Scaffolds for Bone Tissue Engineering.
Biomaterials 2006, 27, 2414-2425. [CrossRef] [PubMed]

2. Rezwan, K.; Chen, Q.Z.; Blaker, ].J.; Boccaccini, A.R. Biodegradable and Bioactive Porous Polymer/Inorganic Composite Scaffolds
for Bone Tissue Engineering. Biomaterials 2006, 27, 3413-3431. [CrossRef] [PubMed]

3. Mourifio, V.; Boccaccini, A.R. Bone Tissue Engineering Therapeutics: Controlled Drug Delivery in Three-Dimensional Scaffolds.
J. R. Soc. Interface 2010, 7, 209-227. [CrossRef] [PubMed]

4. Habraken, W.; Habibovic, P; Epple, M.; Bohner, M. Calcium Phosphates in Biomedical Applications: Materials for the Future?
Mater. Today 2016, 19, 69-87. [CrossRef]

5. Liu, Y; Zheng, Y.; Chen, X,; Yang, J.; Pan, H.; Chen, D.; Wang, L.; Zhang, J.; Zhu, D.; Wu, S.; et al. Fundamental Theory of
Biodegradable Metals—Definition, Criteria, and Design. Adv. Funct. Mater. 2019, 29, 1805402. [CrossRef]

6.  Gnedenkov, A.S.; Sinebryukhov, S.L.; Filonina, V.S.; Ustinov, A.Y.; Sukhoverkhov, S.V.; Gnedenkov, S.V. New Polycaprolactone-
Containing Self-Healing Coating Design for Enhance Corrosion Resistance of the Magnesium and Its Alloys. Polymers 2023,
15, 202. [CrossRef]

7. Sotomi, Y.; Onuma, Y.; Collet, C.; Tenekecioglu, E.; Virmani, R.; Kleiman, N.S.; Serruys, P.W. Bioresorbable Scaffold. Circ. Res.
2017, 120, 1341-1352. [CrossRef]

8.  Kassimis, G.; Picard, F. Resorbable Magnesium Scaffolds in Acute Myocardial Infarction Patients: “To Be or Not to Be”? Cardiology
2019, 142, 97-99. [CrossRef]

9. Vormann, ]. Magnesium: Nutrition and Metabolism. Mol. Aspects Med. 2003, 24, 27-37. [CrossRef]

10. Gnedenkov, A.S.; Sinebryukhov, S.L.; Filonina, V.S.; Egorkin, V.S.; Ustinov, A.Y.; Sergienko, V.I.; Gnedenkov, S.V. The Detailed
Corrosion Performance of Bioresorbable Mg-0.8Ca Alloy in Physiological Solutions. ]. Magnes. Alloy. 2022, 10, 1326-1350.
[CrossRef]

11. Sepulveda, P; Jones, J.R.; Hench, L.L. Bioactive Sol-Gel Foams for Tissue Repair. . Biomed. Mater. Res. 2002, 59, 340-348.
[CrossRef] [PubMed]

12. Kravanja, K.A.; Finsgar, M. A Review of Techniques for the Application of Bioactive Coatings on Metal-Based Implants to Achieve
Controlled Release of Active Ingredients. Mater. Des. 2022, 217, 110653. [CrossRef]

13. Razavi, M.; Fathi, M.; Savabi, O.; Mohammad Razavi, S.; Hashemi Beni, B.; Vashaee, D.; Tayebi, L. Controlling the Degradation
Rate of Bioactive Magnesium Implants by Electrophoretic Deposition of Akermanite Coating. Ceram. Int. 2014, 40, 3865-3872.
[CrossRef]

14. Omar, S.A.; Ballarre, J.; Castro, Y.; Martinez Campos, E.; Schreiner, W.; Duran, A.; Cere, S.M. 585 and 68S Sol-Gel Glass-like
Bioactive Coatings for Enhancing the Implant Performance of AZ91D Magnesium Alloy. Surf. Coat. Technol. 2020, 400, 126224.
[CrossRef]

15. Gnedenkov, A.S.; Sinebryukhov, S.L.; Filonina, V.S.; Gnedenkov, S.V. Hydroxyapatite-Containing PEO-Coating Design for
Biodegradable Mg-0.8Ca Alloy: Formation and Corrosion Behaviour. |. Magnes. Alloy. 2022, in press. [CrossRef]

16. Sedelnikova, M.B.; Ivanov, K.V.; Ugodchikova, A.V.; Kashin, A.D.; Uvarkin, P.V,; Sharkeev, Y.; Tolkacheva, T.V.; Tolmachev, A.L;
Schmidt, J.; Egorkin, V.S.; et al. The Effect of Pulsed Electron Irradiation on the Structure, Phase Composition, Adhesion and
Corrosion Properties of Calcium Phosphate Coating on Mg0.8Ca Alloy. Mater. Chem. Phys. 2023, 294, 126996. [CrossRef]

17. Farshid, S.; Kharaziha, M.; Atapour, M. A Self-Healing and Bioactive Coating Based on Duplex Plasma Electrolytic Oxida-
tion/Polydopamine on AZ91 Alloy for Bone Implants. ]. Magnes. Alloy. 2023, 11, 592-606. [CrossRef]

18. Gnedenkov, A.S,; Sinebryukhov, S.L.; Filonina, V.S.; Plekhova, N.G.; Gnedenkov, S.V. Smart Composite Antibacterial Coatings
with Active Corrosion Protection of Magnesium Alloys. J. Magnes. Alloy. 2022, 10, 3589-3611. [CrossRef]

19. Bagale, U.D.; Desale, R.; Sonawane, S.H.; Kulkarni, R.D. An Active Corrosion Inhibition Coating of Two Pack Epoxy Polyamide
System Using Halloysite Nanocontainer. Prot. Met. Phys. Chem. Surfaces 2018, 54, 230-239. [CrossRef]

20. Kereiakes, D.J.; Onuma, Y.; Serruys, PW.; Stone, G.W. Bioresorbable Vascular Scaffolds for Coronary Revascularization. Circulation
2016, 134, 168-182. [CrossRef]

21. Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Imshinetskiy, . M.; Vyaliy, L.E.; Gnedenkov, S.V. Effect of Microstructure
on the Corrosion Resistance of TIG Welded 1579 Alloy. Materials 2019, 12, 2615. [CrossRef]

22.  Gnedenkov, A.S.; Kononenko, Y.I.; Sinebryukhov, S.L.; Filonina, V.S.; Vyaliy, L.E.; Nomerovskii, A.D.; Ustinov, A.Y.; Gnedenkov,
S.V. The Effect of Smart PEO-Coatings Impregnated with Corrosion Inhibitors on the Protective Properties of AIMg3 Aluminum
Alloy. Materials 2023, 16, 2215. [CrossRef] [PubMed]

23.  Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Gnedenkov, S.V. Features of the Magnesium Alloys Corrosion in the

Chloride-Containing Media. Solid State Phenom. 2014, 213, 143-148. [CrossRef]


https://doi.org/10.1016/j.biomaterials.2005.11.025
https://www.ncbi.nlm.nih.gov/pubmed/16336997
https://doi.org/10.1016/j.biomaterials.2006.01.039
https://www.ncbi.nlm.nih.gov/pubmed/16504284
https://doi.org/10.1098/rsif.2009.0379
https://www.ncbi.nlm.nih.gov/pubmed/19864265
https://doi.org/10.1016/j.mattod.2015.10.008
https://doi.org/10.1002/adfm.201805402
https://doi.org/10.3390/polym15010202
https://doi.org/10.1161/CIRCRESAHA.117.310275
https://doi.org/10.1159/000499624
https://doi.org/10.1016/S0098-2997(02)00089-4
https://doi.org/10.1016/j.jma.2021.11.027
https://doi.org/10.1002/jbm.1250
https://www.ncbi.nlm.nih.gov/pubmed/11745571
https://doi.org/10.1016/j.matdes.2022.110653
https://doi.org/10.1016/j.ceramint.2013.08.027
https://doi.org/10.1016/j.surfcoat.2020.126224
https://doi.org/10.1016/j.jma.2022.12.002
https://doi.org/10.1016/j.matchemphys.2022.126996
https://doi.org/10.1016/j.jma.2022.05.020
https://doi.org/10.1016/j.jma.2022.05.002
https://doi.org/10.1134/S2070205118020144
https://doi.org/10.1161/CIRCULATIONAHA.116.021539
https://doi.org/10.3390/ma12162615
https://doi.org/10.3390/ma16062215
https://www.ncbi.nlm.nih.gov/pubmed/36984095
https://doi.org/10.4028/www.scientific.net/SSP.213.143

Polymers 2023, 15, 3035 25 of 26

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gnedenkov, A.S,; Filonina, V.S.; Sinebryukhov, S.L.; Gnedenkov, S.V. A Superior Corrosion Protection of Mg Alloy via Smart
Nontoxic Hybrid Inhibitor-Containing Coatings. Molecules 2023, 28, 2538. [CrossRef]

Choi, S.H.; Park, T.G. Hydrophobic Ion Pair Formation between Leuprolide and Sodium Oleate for Sustained Release from
Biodegradable Polymeric Microspheres. Int. J. Pharm. 2000, 203, 193-202. [CrossRef] [PubMed]

Kameshima, Y.; Sasaki, H.; Isobe, T.; Nakajima, A.; Okada, K. Synthesis of Composites of Sodium Oleate/Mg-Al-Ascorbic
Acid-Layered Double Hydroxides for Drug Delivery Applications. Int. J. Pharm. 2009, 381, 34-39. [CrossRef]

Sun, S.; Cui, F; Kawashima, Y.; Liang, N.; Zhang, L.; Shi, K.; Yu, Y. A Novel Insulin-Sodium Oleate Complex for Oral
Administration: Preparation, Characterization and in Vivo Evaluation. . Drug Deliv. Sci. Technol. 2008, 18, 239-243. [CrossRef]
Wang, Y.; Zuo, Y.; Tang, Y. Inhibition Effect and Mechanism of Sodium Oleate on Passivation and Pitting Corrosion of Steel in
Simulated Concrete Pore Solution. Constr. Build. Mater. 2018, 167, 197-204. [CrossRef]

Luo, H.; Guan, Y.C.; Han, K.N. Inhibition of Mild Steel Corrosion by Sodium Dodecyl Benzene Sulfonate and Sodium Oleate in
Acidic Solutions. Corrosion 1998, 54, 619-627. [CrossRef]

Chirkunov, A.A.; Rakoch, A.G.; Monakhova, E.V.; Gladkova, A.A.; Khabibullina, Z.V.; Ogorodnikova, V.A.; Serdechnova, M.;
Blawert, C.; Kuznetsov, Y.I.; Zheludkevich, M.L. Corrosion Protection of Magnesium Alloy by PEO-Coatings Containing Sodium
Oleate. Int. ]. Corros. Scale Inhib. 2019, 8, 1170-1188. [CrossRef]

Dhanasekaran, N.P.D.; Muthuvelu, K.S.; Arumugasamy, S.K. Recent Advancement in Biomedical Applications of Polycaprolactone
and Polycaprolactone-Based Materials. Encycl. Mater. Plast. Polym. 2022, 4, 795-809. [CrossRef]

Lykins, W.R.; Bernards, D.A.; Schlesinger, E.B.; Wisniewski, K.; Desai, T.A. Tuning Polycaprolactone Degradation for Long Acting
Implantables. Polymer 2022, 262, 125473. [CrossRef]

Tenorio-Alfonso, A.; Vazquez Ramos, E.; Martinez, I.; Ambrosi, M.; Raudino, M. Assessment of the Structures Contribution
(Crystalline and Mesophases) and Mechanical Properties of Polycaprolactone/Pluronic Blends. J. Mech. Behav. Biomed. Mater.
2023, 139, 105668. [CrossRef] [PubMed]

Hassanzadeh, S.; Khoee, S.; Farrokhi, V.; Mahdavi, M.; Foroumadi, A. Mixed Micellar Nanoparticles Based on PCL-PEG-PPO-
PEG-PCL Pentablocks. J. Polym. Res. 2014, 21, 508. [CrossRef]

Adamu, M.A.; Sumaila, M.; Dauda, M.; Ause, T. Production and Optimization of Novel Rice Husk Ash Reinforced Poly-
caprolactone/Hydroxyapatite Composite for Bone Regeneration Using Grey Relational Analysis. Sci. African 2023, 19, e01563.
[CrossRef]

Nair, L.S.; Laurencin, C.T. Polymers as Biomaterials for Tissue Engineering and Controlled Drug Delivery. In Advances in
Biochemical Engineering/Biotechnology; Springer: Berlin/Heidelberg, Germany, 2006; Volume 102, pp. 47-90, ISBN 3540319441.
Middleton, J.C.; Tipton, A.J. Synthetic Biodegradable Polymers as Orthopedic Devices. Biomaterials 2000, 21, 2335-2346. [CrossRef]
Jain, J.P; Yenet Ayen, W.; Domb, A.J.; Kumar, N. Biodegradable Polymers in Drug Delivery. In Biodegradable Polymers in Clinical
Use and Clinical Development; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2011; pp. 1-58.

Doppalapudi, S.; Jain, A.; Khan, W.; Domb, A.]J. Biodegradable Polymers-an Overview. Polym. Adv. Technol. 2014, 25, 427-435.
[CrossRef]

Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Gnedenkov, S.V. Localized Corrosion of the Mg Alloys with Inhibitor-
Containing Coatings: SVET and SIET Studies. Corros. Sci. 2016, 102, 269-278. [CrossRef]

Gnedenkov, A.S.; Lamaka, S.V.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Egorkin, V.S.; Imshinetskiy, LM.; Zheludkevich, M.L.;
Gnedenkov, S.V. Control of the Mg Alloy Biodegradation via PEO and Polymer-Containing Coatings. Corros. Sci. 2021,
182, 109254. [CrossRef]

Gnedenkov, A.S.; Mei, D.; Lamaka, S.V.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Vyaliy, LE.; Zheludkevich, M.L.; Gnedenkov, S.V.
Localized Currents and PH Distribution Studied during Corrosion of MA8 Mg Alloy in the Cell Culture Medium. Corros. Sci.
2020, 170, 108689. [CrossRef]

Gnedenkov, A.S.; Lamaka, S.V.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Egorkin, V.S.; Imshinetskiy, LM.; Zavidnaya, A.G;
Zheludkevich, M.L.; Gnedenkov, S.V. Electrochemical Behaviour of the MA8 Mg Alloy in Minimum Essential Medium. Corros.
Sci. 2020, 168, 108552. [CrossRef]

MD-System. Available online: https://www.melytec.ru/upload/iblock/8ca/Cucremsr dukcarmm MD-System_eng.pdf
(accessed on 8 December 2021).

Sezer, N.; Evis, Z.; Kayhan, S.M.; Tahmasebifar, A.; Kog, M. Review of Magnesium-Based Biomaterials and Their Applications.
J. Magnes. Alloy. 2018, 6, 23-43. [CrossRef]

Cao, F; Shi, Z.; Song, G.L.; Liu, M.; Atrens, A. Corrosion Behaviour in Salt Spray and in 3.5% NaCl Solution Saturated with
Mg(OH), of as-Cast and Solution Heat-Treated Binary Mg-X Alloys: X=Mn, Sn, Ca, Zn, Al, Zr, Si, Sr. Corros. Sci. 2013, 76, 60-97.
[CrossRef]

Gnedenkov, A.S.; Nomerovskii, A.D.; Tsvetnikov, A.K,; Sinebryukhov, S.L.; Gnedenkov, S.V. Cold-Sprayed Composite Metal-
Fluoropolymer Coatings for Alloy Protection against Corrosion and Wear. Materials 2023, 16, 918. [CrossRef] [PubMed]
Wagener, V.; Virtanen, S. Influence of Electrolyte Composition (Simulated Body Fluid vs. Dulbecco’s Modified Eagle’s Medium),
Temperature, and Solution Flow on the Biocorrosion Behavior of Commercially Pure Mg. Corrosion 2017, 73, 1413-1422. [CrossRef]
Zhang, C.; Wu, L,; Liu, H,; Huang, G.; Jiang, B.; Atrens, A.; Pan, F. Microstructure and Corrosion Behavior of Mg-Sc Binary Alloys
in 3.5 Wt.% NaCl Solution. Corros. Sci. 2020, 174, 108831. [CrossRef]


https://doi.org/10.3390/molecules28062538
https://doi.org/10.1016/S0378-5173(00)00457-9
https://www.ncbi.nlm.nih.gov/pubmed/10967441
https://doi.org/10.1016/j.ijpharm.2009.07.021
https://doi.org/10.1016/S1773-2247(08)50047-5
https://doi.org/10.1016/j.conbuildmat.2018.01.170
https://doi.org/10.5006/1.3287638
https://doi.org/10.17675/2305-6894-2019-8-4-22
https://doi.org/10.1016/B978-0-12-820352-1.00217-0
https://doi.org/10.1016/j.polymer.2022.125473
https://doi.org/10.1016/j.jmbbm.2023.105668
https://www.ncbi.nlm.nih.gov/pubmed/36638636
https://doi.org/10.1007/s10965-014-0508-2
https://doi.org/10.1016/j.sciaf.2023.e01563
https://doi.org/10.1016/S0142-9612(00)00101-0
https://doi.org/10.1002/pat.3305
https://doi.org/10.1016/j.corsci.2015.10.015
https://doi.org/10.1016/j.corsci.2021.109254
https://doi.org/10.1016/j.corsci.2020.108689
https://doi.org/10.1016/j.corsci.2020.108552
https://www.melytec.ru/upload/iblock/8ca/%D0%A1%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D1%8B%20%D1%84%D0%B8%D0%BA%D1%81%D0%B0%D1%86%D0%B8%D0%B8%20MD-System_eng.pdf
https://doi.org/10.1016/j.jma.2018.02.003
https://doi.org/10.1016/j.corsci.2013.06.030
https://doi.org/10.3390/ma16030918
https://www.ncbi.nlm.nih.gov/pubmed/36769923
https://doi.org/10.5006/2510
https://doi.org/10.1016/j.corsci.2020.108831

Polymers 2023, 15, 3035 26 of 26

50.

51.

52.

53.

54.

55.

56.

Suga, K.; Kondo, D.; Otsuka, Y.; Okamoto, Y.; Umakoshi, H. Characterization of Aqueous Oleic Acid/Oleate Dispersions by
Fluorescent Probes and Raman Spectroscopy. Langmuir 2016, 32, 7606-7612. [CrossRef]

Milsom, A.; Squires, A.M.; Boswell, J.A_; Terrill, N.J.; Ward, A.D.; Pfrang, C. An Organic Crystalline State in Ageing Atmospheric
Aerosol Proxies: Spatially Resolved Structural Changes in Levitated Fatty Acid Particles. Atmos. Chem. Phys. 2021, 21, 15003-15021.
[CrossRef]

De Veij, M.; Vandenabeele, P.; De Beer, T.; Remon, J.P.; Moens, L. Reference Database of Raman Spectra of Pharmaceutical
Excipients. ]. Raman Spectrosc. 2009, 40, 297-307. [CrossRef]

Eshelman, E.; Daly, M.G,; Slater, G.; Dietrich, P; Gravel, ].F. An Ultraviolet Raman Wavelength for the In-Situ Analysis of Organic
Compounds Relevant to Astrobiology. Planet. Space Sci. 2014, 93-94, 65-70. [CrossRef]

Zhu, G.; Zhang, T.; Chen, M,; Yao, K.; Huang, X.; Zhang, B.; Li, Y,; Liu, J.; Wang, Y.; Zhao, Z. Bone Physiological Microenvironment
and Healing Mechanism: Basis for Future Bone-Tissue Engineering Scaffolds. Bioact. Mater. 2021, 6, 4110-4140. [CrossRef]
Jang, I.G.; Kim, I.Y. Computational Study of Wolff’s Law with Trabecular Architecture in the Human Proximal Femur Using
Topology Optimization. J. Biomech. 2008, 41, 2353-2361. [CrossRef] [PubMed]

Barak, M.M.; Lieberman, D.E.; Hublin, J.-J. A Wolff in Sheep’s Clothing: Trabecular Bone Adaptation in Response to Changes in
Joint Loading Orientation. Bone 2011, 49, 1141-1151. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.langmuir.6b02257
https://doi.org/10.5194/acp-21-15003-2021
https://doi.org/10.1002/jrs.2125
https://doi.org/10.1016/j.pss.2014.01.021
https://doi.org/10.1016/j.bioactmat.2021.03.043
https://doi.org/10.1016/j.jbiomech.2008.05.037
https://www.ncbi.nlm.nih.gov/pubmed/18667206
https://doi.org/10.1016/j.bone.2011.08.020
https://www.ncbi.nlm.nih.gov/pubmed/21893221

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

