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Abstract: Magnesium alloys have excellent biodegradability but suffer from high corrosion rates and
unfavorable biological responses. Thus, a surface modification strategy to regulate the corrosion rate
and enhance biocompatibility is required. In this study, pure Mg substrate surfaces were coated with
strontium apatite (SrAp) and graphene oxide (GO) biocomposite structures using the hydrothermal
method to increase the biocompatibility of the surface of the Mg and obtain a moderate biodegradation
rate. The effect of the GO concentration (0, 2, 4, and 6 wt.%) on the surface microstructure and
its corrosion behavior were systematically studied. The corrosion behavior of the coatings was
characterized in-vitro using the electrochemical polarization method in Hank’s solution. An EDS-
connected SEM was used to examine the coatings” surface properties. The functional groups of
the coatings were identified using ATR-IR spectroscopy. To determine the degree of crystallization
and examine the elemental distribution of the coatings, an XRD was used with a grazing incidence
attachment. The XRD and SEM-EDS results showed that increasing the GO ratio in the SrAp-based
coatings significantly enhanced the homogeneity and crystallinity, and the ATR-IR spectroscopy
revealed that the SrAp/GO coatings were rich in functional groups, including hydroxyl, phosphate,
and carbonate groups, that are known to promote bone formation and regeneration. The results
of the electrochemical polarization tests demonstrated a considerable decrease in the corrosion
rates for the samples with SrAp matrix and GO coatings. Additionally, the coatings containing GO
exhibited higher polarization resistance (Rp) values, indicating their potential as a promising surface
modification technique for biodegradable implants. These findings suggest that incorporating GO
into the SrAp coatings could enhance their biocompatibility and provide a moderate biodegradation
rate, which is desirable for biomedical applications.

Keywords: pure Mg; surface modification; hydrothermal; graphene oxide (GO); strontium apatite
(SrAp); in-vitro corrosion

1. Introduction

Biodegradable metallic implant materials are a relatively new area of research and
development in biomedical engineering. These materials are designed to be absorbed
by the human body over time, eliminating the need for a second surgical operation to
remove the implant. The main advantage of these materials is that they reduce the risk of
implant-related complications and provide a more natural healing process [1].
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Recent studies showed that the most popular biodegradable materials are iron (Fe),
magnesium (Mg), and zinc (Zn) metals and their alloys [1]. In addition, several clinical stud-
ies have evaluated the performance of biodegradable (or bioresorbable) metallic implants,
and the results have been encouraging [1-3].

Mg alloys have various advantages compared to other biodegradable alloys such
as Fe and Zn. Firstly, magnesium has high biocompatibility and no toxic effects on the
body. Additionally, magnesium alloys have a low density, making them lightweight,
and they have excellent mechanical properties [4]. Therefore, they are very promising
for use in implants and other orthopedic applications. Mg alloys have the potential to
be used in orthopedic, cardiovascular, and dental implants, among other applications.
However, due to the high rate of corrosion and rapid dissolution of Mg alloys, they may
not be suitable for long-term use. Thus, further research is needed to optimize their
properties and degradation rates for specific biomedical applications. Alternatively, surface
modification techniques have been developed to improve biocompatibility and control the
biodegradation rate of Mg-based implants [5]. Several studies have investigated the surface
modification of Mg-based implants with different materials, including calcium phosphate
(CaP), hydroxyapatite (HA), and biodegradable polymers [6-9]. Graphene oxide (GO) and
strontium apatite (SrAp) have recently received significant attention for their potential
biomedical applications. GO is a two-dimensional carbon material with a high surface
area, excellent mechanical properties, and biocompatibility [10]. SrAp, a bioactive ceramic
material, has been shown to enhance bone formation and promote osteogenesis [11].

There are several coating techniques used for coating biodegradable Mg alloys to
increase bioactivity, including electrodeposition [12], sol-gel [13], plasma spraying [14],
physical vapor deposition (PVD) [15], chemical vapor deposition (CVD) [16], plasma
electrolytic oxidation (PEO) [17], or hydrothermal treatment [8]. The specific technique
used depends on the desired properties of the coating and the intended application.

Among these methods, hydrothermal treatment is a surface modification technique
that has gained attention in recent years for coating biodegradable Mg alloys. One of the
major advantages of hydrothermal treatment is that it allows for the formation of a uniform
and compact coating with good adhesion to the substrate [18]. Additionally, hydrothermal
treatment helps to prevent damage to the underlying substrate [19]. Coatings synthesized
by hydrothermal treatment have been found to enhance the corrosion resistance and bio-
compatibility of biodegradable Mg alloys [20]. For example, hydrothermal synthesis was
used to deposit strontium phosphate (Sr-P) coatings on Mg, and the effect of the treatment
temperature on the properties of coatings was investigated by Kavitha et al. [21]. The results
showed that an increase in treatment temperature from 80 to 200 °C led to an increase in
coating weight, density, and crystallinity, resulting in higher corrosion resistance in the
Hank’s solution. In another study, Wu et al. [22] investigated the fabrication of reduced-GO
(rGO) reinforced apatite composite layers on Mg alloy using the hydrothermal method to
improve the bonding strength and corrosion resistance of the apatite layer. The results con-
firmed the successful incorporation of GO into the layer during the hydrothermal process.
The rGO/ apatite layer is a feasible method to improve the bonding strength and corrosion
resistance of hydrothermal layers, making them more practical for clinical applications.

Protective bioactive strontium-substituted hydroxyapatite (Sr-HA) coatings were
synthesized by Yang and Wang [23] using the hydrothermal synthesis technique on the
biodegradable AZ91D Mg alloy. The hydrophilicity of the Mg substrate was demonstrated
by executing alkaline and hydrothermal treatments, and the hydrothermally produced
Sr-HA conversion coating exhibited a surface topography with nanoscale flake-like crys-
tallites. Immersion studies showed that the Sr-HA coating provided the Mg alloy with
long-term stability, resulting in a decrease in the concentration of released Mg?* ions in the
simulated bodily fluid (S5BF), as well as a reduction in the rate of corrosion. Furthermore,
polarization tests showed that the nanostructured Sr-HA-coated specimens had superior
corrosion resistance compared with specimens that had the HA coating.
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To date, the combination of SrAp and GO has not been extensively investigated for
Mg-based implants. This study aims to fill this gap in the literature and provide insights
into the potential use of SrAp and GO as a biocomposite coating for Mg-based implants.

In this study, we aimed to enhance the biocompatibility and control the biodegradation
rate of Mg-based implants by coating the pure Mg substrate surfaces with a biocomposite of
SrAp and GO using the hydrothermal method. In addition, the effect of GO concentration
on the surface microstructure and the in-vitro corrosion susceptibility of the coatings was
systematically investigated.

2. Experimental Procedures
2.1. Materials

Pure Mg (99.99%) substrates were carefully prepared by cutting 5 mm thick samples
from 12 mm diameter bar samples by wire-erosion. To remove the natural oxide layer
formed on the surface of the pure Mg substrates, a series of SiC sandpapers ranging from
600 to 1200 grit were used for polishing. The polished substrates were then subjected to
a 30 min ultrasonic bath in acetone and ethanol, respectively, to eliminate any remaining
contaminants. Afterward, the surfaces were thoroughly cleaned with deionized water and
dried with hot air for 10 min to ensure that the substrates were free of any residues. To form
the SrP/GO composites, the following three different materials were used: strontium nitrate
(Sr(NO3)2) (purity 99.995%, Sigma-Aldrich, Darmstadt, Germany), di-ammonium hydro-
gen phosphate (HoN,;O4P) (purity > 99%, Merck, Darmstadt, Germany), and graphene
oxide (purity 99.8%, NanoGrafi, Ankara, Turkey) as sources of strontium, phosphate, and
graphene, respectively.

2.2. Hydrothermal Synthesis of Biocomposite Coatings

In preparation for coating, the prepared pure Mg samples were fixed vertically in the
middle of the Teflon liner inside the hydrothermal reaction vessel. A two-step solution was
prepared for the hydrothermal synthesis. The first solution consisted of 0.2 M Sr(NOs3); in
25 mL of deionized water, while the second solution contained 0.12 M HgN,O4P in 25 mL
of deionized water. Finally, both solutions were mixed using a magnetic stirrer for 30 min
at room temperature to ensure homogeneous dissolution. Three GO suspensions were
prepared with different ratios of 2, 4, and 6 wt.% in 10 mL of deionized water using an
ultrasonic homogenizer (Sonopuls, Bandelin, Berlin, Germany). While stirring, the second
solution was then added dropwise to the first solution, and the GO solution was added last.
A magnetic stirrer was used to mix the resultant suspension, and an ammonia solution
was then added while stirring for 60 min at room temperature to increase the pH level
to 11. The 60 mL suspension was stirred for another 30 min before being transferred to
a Teflon-coated autoclave for hydrothermal treatment. The hydrothermal reaction was
maintained at 180 °C for 4 h in a PID-controlled hydrothermal device (Fytronix FYHT-8000,
Elazig, Turkiye). A previous study showed that a 200 °C treatment temperature provided
an increase in coating weight, density, and crystallinity [21]. The samples were dried in
a vacuum oven at 80 °C and 50 mbar pressure for one hour following the hydrothermal
synthesis. Figure 1 offers a schematic illustration of the procedure.
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Figure 1. A schematic representation of the hydrothermal synthesis process.

2.3. In-Vitro Corrosion Tests

The in-vitro corrosion responses of the coatings were investigated using a potentio-
stat/galvanostat (Gamry, PCI14 /750, Warminster, PA, USA). The corrosion experiments
were performed using the following three standard electrodes: saturated silver/silver
chloride (Ag/AgCl) (reference), platinum (Pt) wire (counter), and coated Mg samples
(working electrode). A standard potentiodynamic scanning (PDS) procedure [24] was used
in the electrochemical studies of the coatings. The corrosion tests were performed with
Hank’s solution at body temperature (37 & 0.5 °C) and at a pH of about 7.4. The open
circuit potentials (Eqocp) of the coated Mg samples were monitored until they attained a
steady-state potential. Then, the polarization scan was started with a rate of 1 mV-s~! from
the cathodic overpotential of 0.3 V vs. Eycp. The scan was stopped when the specimens
reached an indicated anodic current density (10 mA-cm?). The covered surface area of the
samples was calculated to be approximately 1.13 cm?, and all data were normalized with
respect to the surface area. Afterward, the samples for which PDS tests were performed
were ultrasonically cleaned with ethanol to remove the waste products from the corroded
surfaces. Echem Analyst software (v.5.50, ©Gamry Instruments) was used to compare the
corrosion rates of the coated samples in accordance with ASTM G102 [25].

2.4. Characterizations

Using a grazing incidence X-ray diffraction (GI-XRD, PANalytical Empyrean, Malvern,
UK) apparatus and monochromatic Cu-Ka radiation (A: 0.15406 nm) under the following
condition, 40 kV, 40 mA, 0.5° GI angle, and scan rate at 0.02 deg-s’1 from 10 to 80°, the
phase structure of SrP/GO-based composite coatings was examined. The XRD results, peak
intervals, and phase structure were defined using X'Pert Highscore plus software (v.2.2b,
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PANalytical B.V.). The functional groups of the composite coatings were investigated using
attenuated total reflection infrared (ATR-IR) spectroscopy (Thermo Scientific™, Nicolet™
iS™5, Waltham, MA, USA). Scans were completed for each coating in the range of 500-4000
cm~!, with a spectral resolution of 0.5 cm ™. Surface morphologies of the coatings before
and after the corrosion tests, elemental analyses of StAp/GO structures, and the formation
of SrAp and GO structures on the surface were obtained using a field emission scanning
electron microscope (FE-SEM, Jeol, JSM-7001F, Tokyo, Japan) outfitted with secondary
electrons and energy dispersive spectroscopy (EDS, Inca system, Bucks, UK) below 15 kV.
The thickness of the coatings was measured using an optical profilometer, and an atomic
force microscopy (AFM, Park System 100-E, Tokyo, Japan) analysis was conducted on the
coated surfaces to determine their surface roughness.

3. Results and Discussion

The phase compositions of the SrAp-based coatings formed on the pure Mg substrates
were analyzed using X-ray diffraction (XRD) as depicted in Figure 2.
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Figure 2. X-ray diffraction (XRD) intensity versus two-theta plot of the SrAp-based coatings synthe-
sized on the pure Mg substrates.

The XRD analysis revealed that the addition of GO to the coatings resulted in the
formation of new phases, including Mg3(PO4),, MgHPO,, SrAp, and Mg, as indicated
by the appearance of distinctive peaks in the XRD patterns. Moreover, the crystallinity
of these phases increased with the addition of GO, and the intensities of the SrAp and
MgHPO, phases became more pronounced, indicating a significant enhancement of these
phases in the presence of GO. The most notable changes were observed in the coatings
with 6 wt.% GO addition. These results are in good agreement with previously reported
studies [26-28]. These findings suggest that GO can effectively improve the phase composi-
tion and crystallinity of SrAp-based coatings, which could lead to the enhanced mechanical
and biological properties.

The FT-IR spectra of SrAp-based and GO-doped biocomposite coatings are provided
in Figure 3.
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Figure 3. The FT-IR spectra of SrAp-based and GO-doped biocomposite coatings.

GO structures gain chemical functionality as a result of the incorporation of functional
oxygen groups into the composite, and they exhibit an sp3-hybridized carbon structure
(with hydroxyl and ether/epoxy functional groups on both sides of the surfaces) and
sp2-hybridized carbon structure (carbonyl and carboxyl functional groups on both surfaces
and edges) [29]. The bands corresponding to the CO bonds of GO at 1161 cm ™! can be seen
in Figure 3. The presence of the carboxyl groups seen from the peaks was confirmed by
stretching vibrations of the carbonyl group in the range of 1720 to 1740 cm~!. This was
also seen with the bending mode of the hydroxyl groups between 1620 and 1640 cm~!. The
hydroxyl group was formed due to the antisymmetric and symmetric extensions of the
C-H groups with bands between 2740 and 3100 cm ™. A significant decrease in the peaks
in this range was observed with the increase in the GO additive. The main reason for this
decrease is the increase of C-O functional groups and the formation of more functional
groups with the increase of GO [29].

Characteristic absorption bands of phosphate, hydroxyl, and carbonate-based groups
can be seen in the SrAp-GO nanocomposite spectra provided in Figure 3. The broadband
between 3900 and 3200 cm ! was associated with adsorbed water due to the OH™ groups’
intermolecular and intramolecular tension bands. The band at 1650 cm~! was attributed
to the vibrational mode of O-H-O bonds. The symmetrical stretching vibration mode
in the 3200-3900 cm~! confirmed the existence of hydroxyl groups. During hydrother-
mal synthesis in an aqueous environment, carbonate bands (CO32~) can replace anionic
sites in the SrAp structure, as observed in bands at 1456 and 1417 cm~!. The band at
about 870 cm ™! confirmed the HPO42~ phase [21,30]. Well-defined bands at 1017, 951,
and 917 cm~!” were assigned to the v3 stretching vibration, v1 asymmetrical stretching
vibration, and v4 asymmetric bending band of the PO,43~ group, respectively. Furthermore,
bands at 623 and 567 cm ! were observed, and these corresponded to the v2 asymmetric
deformation of the same group [31].

A decrease in peak intensity between 3100 and 2700 cm ! was observed in the ad-
sorbed water band, with the addition of 6 wt.% GO. There was also some decrease in the
GO carbonyl group bands. This decrease in peak intensities can be explained by the accu-
mulation and interaction of the SrAp nanostructures between the functionalized surface
groups of the GO sheets. In light of these results, the binding of hydroxyl structures to the
functional surface groups of GO proves the existence of a strong interaction between the
SrAp structures and the GO, in agreement with the SEM analysis described below.
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Figures 4 and 5 show FE-SEM images of SrAp/GO composites at low and higher
magnifications, respectively.

Wo-ghem  Me- 280K DAYTAM § g SoEeEN AR DAYTAM
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Figure 4. FE-SEM secondary electron surface images of SrAp/GO biocomposite coatings: (a) SrAp,
(b) SrAp/2GO, (c) SrAp/4GO, and (d) SrAp/6GO.
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Figure 5. FE-SEM surface images of SrAp/GO biocomposite coatings at higher magnification:
(a) SrAp, (b) SrAp/2GO, (c) SrAp/4GO, and (d) SrAp/6GO (the yellow squares indicate regions
containing SrAp, while the white ovals indicate regions containing the GO).
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SrAp nanoparticles adhered to the GO layers’ surface, indicating that there is a strong
affinity between SrAp and GO. The amount of SrAp on the GO layer surfaces increased as
the functional groups of the GO structure increased. Therefore, the interaction between the
SrAp and GO increased. The GO-free SrAp-based coating morphology shows a diffuse and
highly porous surface feature on the pure Mg alloy surface (see Figure 4). The SrAp-based
coating exhibited a fine-grained structure.

As a result of the addition of GO, a composite coating structure was obtained, and
the SrAp structures on the coated surface began to show a more compact and coarser
structure. Due to the GO layers being present in the composite, the SrAp structures, which
have a relatively large bonding area, exhibited a porous composite form with increased
surface roughness. The rougher surfaces obtained in the composite coatings and the
presence of the porous morphology were primarily caused by interactions of the nano-sized
SrAp structures with the functional groups in the GO layers during the coating stage. Such
coatings formed from the hydrothermal process. Two of the most important reasons why the
hydrothermal method is preferred in such biological coatings are that the surface properties
of the SrAp crystals obtained by this method can be controlled under different conditions,
and the SrAp/GO-based coatings can be produced in different morphologies. This coating,
with high porosity and rough surfaces, created with SrAp/GO nanoparticles, allows cell
structures, such as osteoblasts and fibroblasts, to more easily adhere to the surface. This is
preferred for implant applications [32]. A schematic illustration of the potential for utilizing
GO/SrAp biocomposite coatings on pure Mg to improve biocompatibility and regulate
biodegradation is presented in Figure 6.

Osteoblast Cells
on Mg

Osteoblast cells
p

Yo ¢ SrAp Crystals

Merging to \ | z -
Mg Surface Substitution
o= '

Pure Mg Substrate

Figure 6. A schematic illustration of the potential for utilizing GO/SrAp biocomposite coatings on
pure Mg.

When the amount of GO additive in the coatings increased, nanostructures started
to develop and the GO layers on the surfaces could be more clearly observed. The SrAp
crystals, seen as thick plates, started to take the form of thin leaves at high (20,000x)
magnification. With an increasing GO ratio, as seen in Figure 5b—d, the SrAp crystals
became prominent. The size of the SrAp structures decreased from the microscale to the
nanoscale. The SrAp crystals indicated heterogeneous nucleation spots within the GO
layers, which were the fundamental causes of the transition from their microscale to their
nanoscale and the shift in crystal morphologies. By adding GO to the composite, the SrAp
structure was subsequently produced as nanosheets during the recrystallization, which
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occurred during the hydrothermal process. Coatings made with a 2 wt.% GO additive
exhibited a coarser and relatively less homogeneous structure than coatings with 4 and
6 wt.% GO additions (see Figure 5b). More graphene oxide layers were produced in the
composite structure as the GO content increased, and more functional groups were added
to the structure. Therefore, the SrAp crystals were exhibited more nucleation and were
smaller in size with an increased GO content. Increased GO additives resulted in the
formation of surface structures that were coarser and more permeable. Nevertheless, the
coating on the surface became denser. In hydrothermal synthesis studies, it has been
reported that nanostructures proliferate between GO layers in composites from which the
nanocomposites are produced [33,34].

Nanoscale SrAp needles with a 10-20 nm thickness and a diameter of about 150 nm
were visible on the surface; see Figure 5b,c. A more detailed image of the square marked
area in Figure 5c is provided in Figure 7.

. : . 1 "y - 3 |
200 nm EHT = 500 kV Signal A = InLens
WD = 3.5mm Mag= 40.00 KX DAYTAM W |

Figure 7. FE-SEM image of the yellow square marked area of SrAp/4GO biocomposite coating in
Figure 5c.

The number of SrAp crystals in the coatings increased significantly, and their size
decreased when no GO was present. The structures with large clusters were GO layers; see
Figure 5¢,d. The formation of leaf-shaped SrAp structures on the GO layers was particularly
striking. These structures looked like flower petals. The increase in the GO additive caused
the increase in the number of SrAp crystals [33,35]. Similar GO layers have been observed
in other studies [36]. The structures of the GO-doped SrAp composites were consistent
with the XRD and FT-IR analyses. It was noted that even at higher GO concentrations, no
agglomeration of the GO sheets was observed.

The elemental composition of pure Mg samples coated with the SrAp/GO composite
was determined using an EDS analysis; see Figure 8.

In Figure 8, Sr, P, O, and Mg were seen on the sample surface consistent with the
GO-free coating. The content of Sr and P was relatively high, and the signal from Mg was
low. The reason for this was the formation of a coarse SrAp structure on the surface and
a poor reading of the signals from the substrate. On the other hand, the presence of C,
O, Sr, P, and Mg elements in GO-added composites supported the existence of SrAp/GO
compounds. Thus, it has been observed that the structures growing in the form of nano
leaves/needles can be successfully grown on the GO surfaces and interlayers. In addition,
the increase in the carbon with increased GO in the composite structures supports the
presence of GO in the composite. Signals from the Mg substrate were increased in these
coatings. An increased Mg peak height resulted from the more porous and compact coating.
Overall, the EDS results suggest that hydrothermal synthesis, which allows for the control
of the chemical ratios, can be a successful method for producing biomedical coatings.
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Figure 8. The EDS results of the biocomposite coatings.

The coating thickness was measured as 5.6 um for only SrAp (GO-free), and 4.84,
4.75, and 4.11 um for 2, 4, and 6 wt.% GO-containing coatings. The results of the optical
profilometry measurements showed that the addition of GO to SrAp coatings on pure
Mg reduced the coating thickness. As the GO concentration increased from 2 to 6 wt.%,
the coating thickness decreased from 4.84 to 4.11 um. This reduction in coating thickness
is likely due to the increased surface roughness associated with the addition of GO. It is
known that high surface roughness can improve the mechanical interlocking and adhesion
of the coating to the substrate, as well as promote cell adhesion and proliferation. However,
further studies are needed to fully understand the relationship between the coating thick-
ness, surface roughness, and biological properties of these coatings. The surface roughness
of the coatings was measured by AFM.

The topological characteristics of GO-free and SrAp/GO biocomposite coatings on the
pure Mg surface are presented in Figure 9.

Surface roughness and S, and Sq values were assessed while analyzing the coatings
entire surface area. The arithmetic mean height of a line’s extension to a surface, R, is
known as S,. When expressed as an absolute value, it shows how different each point’s
height is from the surface’s arithmetic mean. This variable is frequently used to measure
surface roughness. Sq is the extension of Ry to the field and represents the mean square
root value of the ordinate values in the defined field. The results of the AFM analysis
showed that the surface roughness values of the coatings increased with the increasing
GO content of the coatings. Specifically, the Sa and Sq values increased as the GO content
increased from 0 to 6%. The roughness values for the GO-free, 2, 4, and 6% GO-added
coatings were calculated to be 0.176, 0.335, 0.353, and 0.533 pm for S,, and 0.241, 0.254,
0.278, and 0.443 um for Sq, respectively. These findings are consistent with previous studies

’
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showing that increased surface roughness can enhance cell attachment and proliferation,
as well as improve the mechanical interlocking between the coating and the bone tissue.
Therefore, the high surface roughness of the GO-doped SrAp coatings may have potential
applications as a biomaterial for orthopedic implants, where improved osseointegration
and corrosion resistance are desired.

Figure 9. The 3D AFM images of the coated samples with (a) only SrAp (GO-free), and (b) 2, (c) 4,
and (d) 6% GO-containing structures.

One of the critical issues in using metallic implants in the human body is ion release,
which usually is associated with adverse reactions and can cause significant problems
for the patient. The human body consists of a liquid medium containing NaCl, which
causes it to act as a corrosive medium for metals. For this reason, it is vital to know
the corrosion properties well, especially in metallic implant designs, and to obtain high
corrosion resistance in material designs is important trying [37].

Figures 10 and 11 depict the open circuit potential (OCP) and potentiodynamic polar-
ization scanning (PDS) curves, respectively, of the GO-doped SrAp coatings on the pure
Mg surfaces. Values for the polarization resistance (Rp), corrosion rates, open current
potential value (Eocp), corrosion potential value (Ecorr), corrosion current densities (Icorr),
and corrosion rates acquired from PDS curves using the ElectroChem Analyst program are
compiled in Table 1.

Table 1. Corrosion parameters calculated from PDS curves of the SrAp/GO biocomposite coatings

on pure Mg.
Coating Ecorr (mV) Icorr LA-cm—2) Corr. Rate (mpy) R, (Q-cm?)
SrAp ~1632 (410) 43.25 (+1.95) 1.040 (£0.047) 1306 (£59)
SrAp/2GO —1515 (£15) 5.95 (4+0.75) 0.143 (4+0.018) 6402 (+807)
SrAp/4GO —1448 (£12) 5.70 (£0.50) 0.137 (£0.012) 7123 (+625)

SrAp/6GO —1239 (£17) 4.05 (£0.45) 0.097 (£0.011) 7286 (£810)
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Figure 10. The open circuit potential (OCP) curves of GO-doped SrAp coatings on pure Mg.
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Figure 11. The potentiodynamic polarization scanning (PDS) curves of GO-doped SrAp coatings on
pure Mg.

The Eop of the SrAp, SrAp/2GO, SrAp/4GO, and SrAp/6GO samples were measured
to be —1645, —1537, —1482, and —1355 mV, respectively (Figure 10). When the OCP
analysis results were evaluated, the OCP curve of the GO-doped SrAp coating decreased
with a negative slope and then became stable. In the curves of SrAp/2GO, SrAp/4GO, and
SrAp/6GO, fluctuations were observed depending on the GO ratio. The curves became
stable with increasing time. The OCP curves of the GO-added samples showed a positive
slope. There was no significant change in the Ecqr values of SrAp and GO-based coatings
according to the Eocp values. However, the difference between Eqocp and Ecorr values slightly
increased with the increase in GO content in the coating layer. Consistent with the SEM
analysis (Figure 4), the fluctuations in the Eocp values that occurred in the SrAp/GO-based
coatings were due to the porous structure of the composite coatings and the change in the
pore formation and coating characteristics with the GO additive.

The results showed that the addition of GO to the SrAp improved its corrosion
behavior. Specifically, the samples with higher amounts of GO exhibited lower corrosion
rates and higher polarization resistance compared to the samples without GO. The main
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reason for this low corrosion resistance and high corrosion rate in the GO-free SrAp coating
may be the porous structure of the coating and the absence of a structure to prevent
the corrosion liquid on the Mg substrate surface. In other words, GO-doped composite
structures have a more compact coating feature. When GO is added to the coatings,
discontinuities may occur in the protective oxide layer, which is expected to occur naturally
on the Mg surface [8,18]. Although the SrAp structure shows a porous form in the sample
coated with the GO additive, the coating layer is tightly packed, the porosity is generally
formed on the surface, and the corrosive liquid with the GO layer is prevented from
reaching the Mg substrate. This enhancement can be attributed to the excellent barrier
properties of GO, which can hinder the penetration of aggressive species such as C1~
ions into the coating and reduce the occurrence of localized corrosion. Additionally, the
incorporation of GO can facilitate the formation of a more homogeneous and compact
coating, which can improve its mechanical and corrosion resistance properties.

Comparing the polarization behaviors of the GO-doped composite coatings revealed a
significant decrease in .o values as the GO content increased, especially at higher rates of
GO addition to the composite coating. It is well known that a decrease in Ioy, in coatings is
important because this indicates a reduction in the corrosion rate. In other words, when
the Icorr values decreased, the coatings became more resistant to corrosion. The I.orr values
showed that the corrosion current densities decreased with increasing GO content, further
supporting the positive impact of GO on the corrosion resistance of the coating.

The addition of GO to the composite coatings significantly increased the values of
Rp. The increase in the amount of GO in the composite led to an increase in the R, value,
which is indicative of a change in the morphology of the coating. GO, a monolayer graphite
structure with numerous functional groups on both sides, can induce the formation of
composite structures in layers and create a dense coating. These structural changes alter
the morphology of the SrAp structure on the coated Mg surface and facilitate the formation
of an intermediate layer by binding the SrAp structures to the functional GO groups. The
resulting multilayer structure based on SrAp and GO has been demonstrated to limit
electrolyte leakage, which can reduce the corrosion rate and enhance corrosion resistance.
The barrier effect of the graphite layers against liquids in composite structures, which are
obtained using GO, graphene nanosheets (GNS), and similar structures, has been reported
to be responsible for the observed reduction in the corrosion rate and enhancement of
corrosion resistance [8,18,38]. These results indicate that the SrAp/6GO sample had the
lowest corrosion rate and highest polarization resistance, suggesting that it has the most
promising corrosion behavior among the studied materials.

The SrAp structure was the structure that had the dominant effect in obtaining corro-
sion resistance in the coating when there was no GO additive in the coating layer. However,
this effect on in-vitro corrosion resistance, together with the GO additive, turned into
a GO-dependent mechanism and significantly changed the corrosion behavior of the
GO structure.

The 6 and 4 wt.% GO-added composite coatings resulted in the lowest I.orr and the
highest R}, values, respectively; see Table 1. Huang et al. [37] defined it as the ability to
produce a successful material that can withstand corrosion for a long time with increased
corrosion resistance. This shows that composite materials and coatings doped with GO
have high corrosion resistance and are more resistant in the corrosive SBF environment
than coatings without GO or with low GO (<1 wt.%). High corrosion rates are typically
characterized by surface porosity for coating materials. However, in composite coatings
doped using GO and various graphene derivatives, layered and compact coatings increase
corrosion resistance. SrAp structures are produced in the interlayers of GO layers while
nucleating on the surface. Graphene oxide layers provide a compact and stable form of
the coating and allow the formation of a porous structure on the surface that will increase
the cell adhesion capability. These compact GO layers form a barrier layer to prevent fluid
transmission to the interlayers and substrates while keeping surfaces rough and porous.
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As a result, the porous structure occurs only on the surfaces of composite coatings.
Table 1 shows that all coatings made with the GO additive had higher in-vitro corrosion
resistance. With the increase in the GO ratio, corrosion resistance was increased. The
corrosion resistance was found to increase in accordance with this expected behavior.

In SBE, corrosion behavior dependence on the surface morphology of the coating
was investigated. The post-corrosion FE-SEM images of pure Mg coated with SrAp/GO
biocomposite after the corrosion tests performed at 37 °C in SBF are provided in Figure 12.

Figure 12. The post-corrosion FE-SEM secondary electron images of biocomposite coatings on pure
Mg: (a) SrAp, (b) SrAp/2GO, (c) StAp/4GO, and (d) SrAp/6GO.

The corrosion damage on the SrAp-based coating was observed in the post-corrosion
images. There were locally progressive corrosion traces in the GO. The corrosion liquid
caused more corrosion on the composite surfaces containing the GO additive. In the 2 wt.%
GO-added coating, although the SrAp and GO-based coatings were still evident on the
surface, corrosion damage was high in the coating layer.

The corrosion damage in the 4 wt.% GO coating was spread evenly on the surface as
well as in the cracks in the coating. In the SrAp/2GO-based coating, the electrolyte had
destroyed the surface locally. This local damage in the coating may be because the layers
formed by the GO layer covered the surface and prevented corrosion from occurring on the
entire surface. On GO-free surfaces, the propagation of the abrasive liquid into the coating
resulted in the formation of these localized corrosions.

The examination of the SrAp/6GO coatings revealed the presence of needle-like and
leaf-shaped SrAp grains due to contact with simulated body fluid. Although some areas
showed inhibited corrosion, others exhibited corrosion that typically occurs through cracks
or tiny spots. The GO layers that inhibited corrosion damage can be seen in Figure 12¢,d.
In contrast to the SrAp-based coating without GO, the corrosion was inhibited, and leaf-
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shaped SrAp seeds remained in the 6 wt.% GO coatings. This unique surface morphology
may contribute to enhanced cell adhesion and promote a more advanced surface for
biomedical implant applications. These findings highlight the potential of SrAp/6GO
coatings for corrosion resistance.

Overall, the results suggest that the addition of GO to Sr-based coatings can be an
effective approach to enhance their corrosion resistance, and further studies are warranted
to optimize the GO content and investigate the long-term performance of such coatings
under more realistic conditions. It is important for researchers to carefully consider the
potential consequences and take steps to avoid adverse effects when developing graphene-
based biomedical implants. For this, it is essential to consider the potential risks associated
with the use of novel materials in biomedical applications and to ensure that the bene-
fits of using such materials outweigh the potential risks. Thus, further research on the
investigation of the impact of different graphene oxide concentrations including in-vitro,
in vivo, and clinical tests is necessary to fully understand the potential risks of using GO in
biodegradable implants and to develop strategies to minimize any adverse effects.

4. Conclusions

In this study, the pure Mg substrate surfaces were coated with strontium apatite (SrAp)
and graphene oxide (GO) biocomposite structures using the hydrothermal method. This
study aimed to increase the biocompatibility of Mg alloy surfaces and obtain a moderate
biodegradation rate. The following conclusions were offered:

e Increasing the GO in SrAp-based coatings significantly enhanced the phase composi-
tion and crystallinity, particularly in the coatings with the 6 wt.% GO addition.

e The FT-IR results showed that GO structures had both sp3-hybridized and sp2-
hybridized carbon structures with functional oxygen groups, and the addition of GO
led to an increase in C-O functional groups and the formation of more functional groups.

e  The SrAp-GO nanocomposite exhibited characteristic absorption bands of phosphate,
hydroxyl, and carbonate-based groups, and a strong interaction between SrAp struc-
tures and GO formed due to the binding of hydroxyl structures to the functional
surface groups of GO during the hydrothermal process.

e  The addition of GO layers in SrAp-based coatings led to a composite coating structure
with a more compact and coarser SrAp morphology, but with high porosity and rough
surfaces, which are preferred for implant applications in biomedical coatings.

e  The FE-SEM images showed that with an increasing GO ratio, the size of the SrAp struc-
tures decreased significantly and transformed from the microscale to the nanoscale
due to the incorporation of GO into the composite, resulting in the formation of surface
structures that were coarser and more permeable, while the coating on the surface
became denser.

e  The EDS analysis indicated that hydrothermal synthesis is a useful method for produc-
ing biomedical coatings with controlled chemical ratios, thus supporting the existence
of SrAp/GO compounds in coated layers.

e  The addition of GO to SrAp coatings improved their corrosion behavior and led to
lower corrosion rates and higher polarization resistance compared to the GO-free SrAp
coating. The increase in GO content in the composite coatings led to an increase in the
polarization resistance (Rp) values, which is indicative of a change in the morphology
of the coating.

o  The FE-SEM images after the corrosion tests indicated that SrAp/6GO-based coatings
have the potential to significantly improve the corrosion resistance and biocompatibil-
ity of biomedical implants, due to the presence of needle-like and leaf-shaped SrAp
grains and the inhibiting effect of GO layers on corrosion damage.
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